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FOREWORD 
By Joun F. Coauss, O.B.E., M.A., M.I.E.E., F.Inst.P. 


His book is the first of a series on Automation and Control 

Engineering. The rapidity with which automatic controls 
have been applied in all forms of human activity has increased 
enormously during the last few years. Not only have automatic 
controls become essential in military applications such as radar 
and guided missiles, but there is hardly an industry which does 
not employ them at some stage of manufacture and computers 
and automatic accounting machinery are gradually finding their 
way into most offices. More and more engineers and technologists 
are meeting problems which can be considered as coming within 
the field of control engineering. This field is wide indeed, because 
in order to design the best possible control system, taking into 
account such considerations as economy of operation, reliability, 
ease of maintenance, development time and capital cost, it is not 
only necessary to understand the process that is to be controlled, 
but also to choose the most suitable components, whether they be 
mechanical, electrical, hydraulic or pneumatic. Thus, the old 
categories of engineer ; Civil, Mechanical, Electrical and Chemical, 
are becoming too narrow ; a new category is coming into being : 
the Control Engineer, who must have a good understanding, not 
only of the underlying principles of automatic control, but also 
of the fundamentals of all other branches of engineering. 

The series of books, of which this is one, is planned to cover as 
comprehensively as possible this wide field in the most economical 
way for the Control Engineer. The underlying theory of auto- 
matic control and the design of control systems will be covered 
in some of the first volumes to be published. In addition, there 
will be the volumes dealing with special subjects which are of 
importance to a large number of control engineers, if not all. 
Some of these will deal with special areas of application of auto- 
matic controls in industry while others, like this first volume on 
Magnetic Amplifiers, will deal with special components or special 
techniques. These books on techniques and special components 
will be as comprehensive as possible from the point of the control 
engineer and will include such fundamentals as are necessary for a 
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Foreword 


proper understanding of the subject and those practical aspects 
which are likely to be of importance to him. 

That magnetic amplifiers should be the subject of the first 
volume to be published needs no apology, since the last few years 
have seen their widespread introduction into control systems. 
They have certain important characteristics which cannot be 
achieved in any other way, and they should therefore always be 
considered as a possible means of amplification when power of 
more than a few milliwatts is required. Thus every control 
engineer should know something about their behaviour and 
capabilities, and many will have to design them for specific 
purposes. This volume, which successfully links up the theory of 
all types of magnetic amplifiers, also gives design methods to 
meet specific requirements and so should provide the control 


engineer with what he wants to know. 
Jo BOC. 
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AUTHOR’S PREFACE 


KNOWLEDGE of the theory and design of transductors and 

magnetic amplifiers has become a valuable asset to the 
practising electrical engineer. The increasing number of applica- 
tions for these devices in recent years has come about, partly 
with the advent of new projects such as nuclear power plants, 
guided missiles, etc., but primarily due to the universal require- 
ments for simple and reliable components in electrical equipment 
which is necessarily becoming very much more complex. 

Magnetic amplifiers used in industry also play a valuable part 
in reducing the servicing requirements for industrial instruments, 
where it is often not permissible to use electronic devices due to 
the high maintenance and replacement costs usually associated 
with the latter. 

The aim of this book is to give an account of the theory of 
magnetic amplifiers and to link up the theory with the design in 
a way which, it is hoped, will be of value, not only to the pro- 
fessional engineer, but also to the university student. 

Many of the theoretical aspects are supplemented by short 
numerical examples and, in addition, a number of complete 
designs is carried out in Chapter 13. Some typical problems to 
which magnetic amplifiers have been applied ey are 
discussed in Chapter 14. 

Much of the work covered by this book was originally carried 
out by the author in the Electrical Engineering Department of 
University College, London, under the guidance of Professor 
H. M. Barlow, and later at the laboratories of Messrs. Elliott 
Brothers (London) Ltd., under Mr. J. F. Coales, to both of whom 
the author expresses gratitude. Thanks are also due to friends 
and colleagues at Elliott Brothers, the de Havilland Propellor Co. 
and the Royal Aircraft Establishment for the benefit derived 
from many useful discussions. In particular the author would 
like to thank Mr. J. F. Coales and Mr. J. N. Hutchinson for their 
critical and helpful reading of the manuscript. 

Lastly, appreciation and thanks are expressed to the Directors 
of Messrs. Elliott Brothers for their support and their permission 
to publish the results of work carried out in the Company’s 


Laboratories. © E. H. Frost-Sm1rx. 
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Number of turns on each feedback winding for auto-excited trans- 
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Number of turns on each control winding. 
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Ballast resistance used for push-pull operation with voltage summing. 
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Resistance of one a.c. coil. 
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Resistance of one control winding. 
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Time. 

Time at which conduction starts. 

Time at which conduction ends. 

Value of é, referred to Ist...nth half-cycle. 
Value of tg referred to Ist...nth half-cycle. 


Fraction expressing proportion of supply voltage across a.c. windings 
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Energy stored in a magnetic core. 
Reactance of one a.c. winding. 


Frequency dependent part of a system transfer function. 

Frequency dependent part of transfer function defined by éq/iq. 
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Load impedance. 
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Symbol Definition 
B Duration of conducting period. 
Bi...n Value of B in Ist...nth half-cycle. 

N° Ra 

: Nu? Re 

, Ne Ra 
: (Na — Ng)?" Re’ 
i Damping factor for a 2nd order oscillating system. 


r.m.s. power in load 


7 BOR Gy Se total r.m.s. power supplied ‘to system’ 
: mean power output _ 

ve Me pow et GING R OY. seal aan o power supplied’ 
6 Particular value of wt. 
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2/m for a low control circuit impedance. 
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db Flux. 
db Peak flux. 
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dA, OB Flux in core A or B. 
do Mean flux level = f4 oR : 
de Variable component of mean flux. 
®, Constant component of mean flux, equal to flux which will just fail 

to cause saturation in the presence of an a.c. supply. 

do oa de a DP. 

dy Instantaneous value of a.c. flux components. 
dg, 6Q Flux in unsaturated core at start or finish of conduction. 


dai...n Value of dg in the Ist...nth half-cycle. 
AQ1...72 Value of dg in the Ist...nth half-cycle. 


w Angular supply frequency 2af. 

Q Angular signal frequency 27f-. 

‘3 Time constant. 

TL Load time constant. 

Tt Transductor flux time constant. 

TL RiCtr. 

ig Function denoting magnetization curve. 

py Rate of flux change in core approaching saturation. 

Po Rate of flux change in core departing from saturation. 

bs Rate of flux change in unsaturated core during conduction. 


* A bar, thus -, placed over any of these symbols indicates that the rectified 
mean value of the symbol is being considered. 
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CHAPTER 1 


INTRODUCTION 


N most electromagnetic devices an iron core is employed 

because of the relative ease with which it can be magnetized. 
Thus, in a power transformer the magnetizing current is much 
smaller when an iron core is used than it would be if the trans- 
_ former coils were air coupled. In general, it is desirable that the 
magnetization characteristic of the core should be linear ; that 
is to say, the magnetic induction should be proportional to the 
magnetizing field. When dealing with magnetic amplifiers, 
however, although ease of magnetization is an important feature, 
non-linearity is essential, and in general the more marked the 
non-linearity the more useful the core becomes for this purpose. 

Although the problems associated with magnetic amplifiers are 
therefore non-linear ones, a number of elementary and funda- 
mental points associated with linear theory inevitably arise. This 
chapter contains a brief revision of some of these elementary 
principles relevant to the more specialized aspects of magnetic 
amplifier and transductor theory. 


1.1 Ferro-magnetism 1% ©) 

When considering magnetic materials it is convenient to regard 
a magnetic field H as producing a magnetic induction B in the 
material. The field may be due to a permanent magnet or to an 
electric current flowing in a coil. In either case the magnetic 
induction is related to the field strength by the equation 


B = pH ¢ ac a. Teh) 


This equation defines pp, the permeability of the material, which 
is not constant but varies with B. 
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If an unmagnetized ferro-magnetic material is subjected to a 
gradually increasing field, the induction increases along a curve 
such as OL (Figure 1.1a). Ifthe field is then gradually decreased, 
the curve relating B and H is not given by OL, but by another 
curve LMN as shown. On increasing the value of H from N to L 
once more, the value of B increases along the curve NQL, thereby 
tracing out a closed loop LMNQL. It may be seen that the way 
in which B varies with H depends not only upon the value of the 
applied field, but also upon the previous changes which have 
taken place. This phenomenon is known as hysteresis and the 
curve is called a hysteresis loop. 

The curve OL is known as the magnetization curve or normal 
induction curve, and the permeability is usually defined by means 
of this curve. 

The nature of the relationship between B and H depends 
largely on the magnetic material, and typical hysteresis loops for 
a number of magnetic materials are shown in Figure 1.1. . 

If the range of the symmetrically varying field H is decreased, 
a family of minor loops may be obtained as shown in Figure 1.2a, 
and if the tips of these loops are joined, the resulting curve is 
very nearly coincident with the magnetization curve OL in 
Figure 1..la. 

A unidirectional field superimposed on an alternating field 
will result in a hysteresis loop which is unsymmetrical, and for 
various values of the d.c. field the resulting hysteresis loops will 
take the form shown in Figure 1.2b. 

Since the behaviour of the material is not only dependent upon 
B and H, but also upon previous variations of these quantities, 
it is evidently very difficult to predict from the major loop the 
way in which B will vary with H under different conditions. 

The hysteresis effect always involves a dissipation of energy, 
and it may be shown that the energy loss for a complete cycle is 
proportional to the area of the closed hysteresis loop. 

The magnetic induction for H =0 on the largest possible 
closed loop for the material is known as the remanent induction B, 
and the negative field required to reduce B to zero is the coercive 
force H,. A small coercive force is associated with a small energy 
loss due to hysteresis, and our present interest is confined to 
materials having these properties. Such materials are described 
as magnetically soft. 

In these cases the area of the hysteresis loop is comparatively 
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small, and it is usually permissible to represent the characteristic 
by a single valued non-linear relationship such as that shown in 
Figure 1.2c. Often, particularly in the case of the square loop 


Figure 1.2. Magnetization characteristics. 


(a) Symmetrical hysteresis loops for various amplitudes of apphed field. 
(b) Unsymmetrical hysteresis loops for various amplitudes of applied field. 
(c) and (d) Assumed shapes of magnetization curve. 


materials, the magnetization characteristic is assumed to be a 
closed rectangular loop as shown in Figure 1.2d. 

In all cases the magnetic induction B increases with H up to a 
limit, after which very large mereases in H produce only a 
relatively small increase in B. This limiting value of B is called 
the saturation induction, denoted by B, (Figure 1.2a), which 
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varies from one material to another, but is a constant for a given 
material at a constant temperature. The region in which the 
slope changes rapidly is known as the “ knee ”’ of the B/H curve, 
and for some magnetic materials the slope changes by a factor 
of 100 or more over this region. Provided values of B are con- 
sidered below the “ knee,” it is a reasonable approximation to 


B 
assume that the permeability i and the slope dB/dH are constant 


and equal. 
The total magnetic flux passing through a uniform area, a, 
normal to the direction of the field is 


¢6=B.a. S & 2. 1D) 


The magnetic induction B is sometimes referred to as the flux 
density. In C.G.S. units B is measured in gauss and H in oersteds. 
In the rationalized M.K.S. system of units, Bis measured in webers 
per square metre and H in ampere-turns per metre. The unit of 
magnetic flux, the weber, is defined such that the e.m.f. e, induced 
in a coil of N turns linked by a flux of ¢ webers is given by 


dp 
= aay, It e ® e l, 
CN aq VOUS (1.3) 


Also the magnetic field H produced by a current of 7 amperes 
flowing in a coil of N turns is given by 


NG 
| - ampere turns per metre e ome me . CA) 


where / is the mean length of the magnetic path in metres 
1 weber/m? = 104 gauss 
l ampere turn/m = 47 xX 10-3 oersted. 
The M.K.S. unit of permeability = ae x the C.G.S. unit of 
permeability, i.e. the permeability in M.K.S. units = = x the 


permeability in C.G.8. units. The rationalized M.K.S. system 
of units is employed throughout this book. 

Equations (1.1), (1.2) and (1.4) may be combined to give the 
following result 
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The quantity Nz is the magneto-motive force (m.m.f.) F and 
lla the reluctance S thus Fe 
b= = -  &. 5) 
S 
When using rationalized M.K.S. units, m.m.f. and ampere-turns 
are synonymous. 

The relation between flux and m.m.f. will be of the same form 
as that between B and H, differing only by a scale factor depending 
upon the values of J anda. ‘The d—/ curve therefore applies to a 
particular core, while the B—H curve is independent of dimensions 
and depends only upon the core material. 

If a core is subjected to a varying magnetic field, then, in 
addition to the energy required to overcome hysteresis, there are 
further losses due to eddy currents. These arise due to induced 
e.m.f.s which are set up in the core when the flux linking the core 
changes. ‘The eddy currents may be regarded as secondary 
currents flowing in the core itself, and drawing power from the 
a.c. supply in exactly the same way as the secondary current 
in a transformer. The total current required to produce a 
given flux is therefore not only dependent upon that required 
to magnetize the material and supply hysteresis losses, but 
also the current required to overcome the opposing field set 
up by eddy currents; these are minimized in practice by 
making the core of thin laminations, thereby increasing the 
electrical resistance. 


1.2 Inductance 


In the circuit shown in Figure 1.3 an e.m.f. # volts is applied 
to a circuit with resistance A, ohms in series with a coil (a) 


Ra , 
2 Mea 
<~ Ep > Te \ oie toate ;~ 
(a) "23 (c) 
E e rane) 
me i YOO Vos 
Law Low 


Figure 1.3. Circuit containing inductance and resistance. 


* It is often convenient to think of a magnetic circuit as similar to an electrical 
circuit where the reluctance corresponds to the resistance and the quantities 
m.m.f. and flux correspond to the equivalent electrical quantities e.m.f. and 
current. Equation 1.5 may therefore be considered analogous to ohm’s law. 
Thus a flux ¢ is produced in a magnetic ‘ conductor ”’ of reluctance S by applying 
an m.m.f. #. 
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having NV, turns. If the instantaneous current in the coil is 2, 
amperes, the m.m.f. N,7, gives rise to a magnetic flux ¢. 

If this flux varies due to a variation of the currents, an e.m.f. 
is induced in the coil, according to equation 1.3, which will oppose 
the change of current. This property is known as self-inductance 
and its magnitude is defined as the e.m.f. induced in the coil due 
to unit rate-of-change of current in the coil. 

If the flux ¢ varies, an e.m.f. of magnitude 


SS JN a ae volts 
dt 


is induced in the coil. 
Similarly a voltage e, = #,7, volts appears across the resistance, 
so that the total effective e.m.f. in the circuit is equal to 


do 
tat Ny 
which may be equated to the applied e.m.f. #, thus 
d 
HR=Rya,+N.= i (1.6) 
dt 
dp dig 
= == Ht. -+ Naw di. Pai . . . (1.7) 
Since # = Ni 
oe db di, 
ee eae + Noa: dk . . . (1.8) 
Equation (1.8) may be written 
: dt, 
H = Figta oa oe dk (1.9) 


where the quantity Z,,, is the self-inductance of the coil measured 
in henrys, and is given by 


do 
bie N 
are a 
If the magnetization curve is linear between the origin and the 
knee, then when operating below saturation we have : 


ae 
dF F 8 
2 
Therefore i af c: ee at EO) 


If a proportion « of the flux produced by the coil (a) also links 
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another coil (c) having NV, turns, then the e.m.f. induced in (c) due 
to this coupling will be 


d(x@) 
NV dt 
dd di, 
SENN a aa ay 


The constant « is called the coefficient of coupling. If all the flux 
produced by one coil links the other then « = 1. Usually 
there is some leakage flux, but for coils wound on high per- 
meability closed iron cores x is usually very nearly equal to unity. 

di, 
Ca dt 3 
where V,, is the mutual inductance between the two coils and is 
equal to the e.m.f. induced in (c) due to unit rate-of-change of 
current in (a). 

By writing down the expressions for M,,, M,,, £,, and L,,, it 
is easily seen that : 


MM, = Mx oe a Dai linig: 


If the coupling coefficient is unity and the magnetization curve 
is linear below the knee then under these conditions of operation 


The e.m.f. induced in the coil (c) may be written M 


N,N 
Moe ~s * (cf. equa- 


won LAO)... & (lid) 


Assuming the slope 
of the d—F magnetiza- 
tion curve is constant 
for all values of m.m.f. 
then the self and 
mutual inductances 
do not vary with cur- 
rent and the circuits 
are linear. This will 
be reasonably true 
for variations of flux 
below the knee of the 
curve (figure 1.4). 

In these cirecum- 


; _ stances equation 1.9 is 
Fugure 1.4. Flux and m.m.f. relations for core in 
| Figure 1.2. usually easy to solve 
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provided the applied voltage H is a known function of time. Ifthe 
applied voltage varies sinusoidally with time at a frequency f 
cycles per second and has a peak value #, then H = EH sin wt (where 
w == 27f). The solution of 1.9 then reveals that the current 7, con- 
sists of two components, a transient component, which depends 
upon the initial condition of the circuit and which ultimately dies 
away, and a steady-state component. When the transients have 
disappeared, the current, and therefore the m.m.f. /, varies 
sinusoidally at the same frequency as the supply voltage but lags 
behind the voltage by a constant phase angle @ so that 


ae a ae 
i peerage 


Obes 


where 6 = tan 
a 

The flux in the core will be proportional to the m.m.f. and will 
vary between positive and negative peaks -- ¢ for variations of 
m.m.f. between + # about the origin, as in Figure 1.4. 

The above results are true provided the coil (c) is open circuited. 
If, however, a resistance RL, is connected across the terminals of 
coil (c) then the induced e.m.f. will cause a current 7, to flow which 
will, in turn, induce an e.m.f. in coil (a) due to the mutual coupling 
between coils (a) and (c). The circuit equations will therefore be 
modified and equation 1.9 must be rewritten to take account of 
the mutually induced e.m.f.s. Thus for circuit (a) 


dt da 
= Ky Te ba ae . (1.12 
EK ava si Lisa dt ae ca dt ( ) 
For circuit (c) the applied e.m.f. is zero and therefore 
dy dt 
os Tits Dew a, eM ae, = 
0 Rt, ae cw dt 1 ac dt ( 13) 
In particular, if A, is zero 
di, My, dh, 
| en ma 


Substituting in (1.12) , 

= Rag 7 (Le. _ 7") ae 

The last term in this equation is the induced e.m.f. due to flux 
9 ee 
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changes in the core. Provided the coupling coefficient is unity this 
induced e.m.f. is equal to zero and thus, if coil (c) is short- 
circuited, the voltage e across the coil (a) is zero and the core 
flux does not change. This is because as the current 7, varies so 
also does 7, vary, in such a manner as to oppose flux changes. 
In this case the full applied voltage is developed across the load, 


thus E = Ri, 


1.3. Measurement of Currents and Voltages 


The solutions of equations 1.9 and 1.12 give the instantaneous 
values of 2, at any arbitrarily chosen time. The value measured, 
however, will depend upon the type of measuring instrument 
employed. Jor electrical instruments the deflection is usually 
proportional either to the mean value of the quantity being 
measured or to the mean value of its square. 


The mean value of a periodic function of time such as 7(t) is 
defined as 


1 fina aren 


where 7’ is the period of one cycle and the frequency f = a cycles 
per second. 1 

For any periodically varying quantity this corresponds to the 
magnitude of the d.c. component. Thus for an alternating 
quantity containing no such component, but only the frequency f 
or integral multiples of /, the mean value is zero. 

The quantity 7(t)’ defines the mean square value of 7(t) and is 
given by: 


iw 2h fief... aay 


and this is proportional to the energy expended in the circuit over 
one cycle. From energy considerations the most realistic defini- 
tion for the effective current is the root mean square (r.m.s.) value. 

However, many electromagnetic devices, such as polarized 
relays, motor fields and magnetic amplifiers, respond to mean 
values. The mean value of an alternating quantity with no 
direct component is zero, but if it is rectified then the mean value 
of the resulting output is often more relevant than the r.m.s. 
value. 
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Let the mean rectified value of a periodic function t(¢) be the 
quantity measured after full-wave rectification on a mean d.c. 
measuring instrument and be denoted by z(t). This may be defined 
by integrating 7(¢) over one cycle, always considering its value to 
be positive, and dividing by the period. 


Thus : a(t) =p lecolae So ee 6 (PG) 


where 2(t) is now placed within the modulus sign to indicate 
rectification. 

For the particular case of the wave-function with no d.c. 
component, [(t) say, since the true-mean value (equation 1.14) is 
zero over one complete cycle, it follows that positive and negative 
areas under the current—(or voltage)—time curve must be equal 
and opposite. Hence 

iy 


[Z(é)|dt = 2 X (positive area) 


0 


and thus from (1.16), /(¢) =— x (positive area) . . . (1.17) 


RQ/ tS 


In the special case of a sine wave the positive area extends over 
the period from ¢ = 0 to t = 7/2. Therefore if I(t) =f sin wt 
T'/2 
2 2 2 
I(t) => sin oat == f a se a (TS) 
T ar 
0 
In future for brevity the term mean will be applied to quantities 
defined by equation 1.16 and will therefore imply the d.c. com- 
ponent after full-wave rectification. 


1.4 Addition of Mean Values 

When dealing with linear a.c. circuit theory the resultant 
r.m.s. value of a number of voltages is obtained by applying the 
rules of normal vectorial addition to these voltages. Thus in the 
circuit of Figure 1.3, assuming linear operation and sinusoidal 
quantities, 

(H’)? = (e’)? + (@,)? - + + (1.19) 
where e’ and e’, the r.m.s. voltages (defined according to equation 
1.15), are 90° out of phase since the resistance of the coil is 
assumed zero. 
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An important restriction limits the usefulness of this type of 
summation. The rules governing vectorial addition are only true 
for sinusoidal quantities. If we concentrate on measured values, 
however, we find that it is still possible to obtain rather similar 
and very useful relationships for non-sinusoidal periodic functions, 
even in non-linear circuits. . 

Even if the circuit in Figure 1.3 is non-linear, the following 
relation may be expressed between instantaneous values | 


H=e+e 3, &° a 20) 

In addition, if e and e, are always of the same sign then we may 
also write le| + le,| =e +.e,| 

= || x ae ht) 


Integrating between 0 and 7 and dividing by 7’ 


J : 1 . ] 3 
a {lela — 7 | leva as =| Wat 
0 0 0 
and it follows from equation 1.16 that 
é-t+ée=H 2 pe 2) 
Mean values can be measured comparatively easily and there- 
fore, provided the instantaneous values of both e and e, always 
have the same sign (which may admit of one or both being zero), 
the above equation may be applied to any circuit and it shows 
that the measured mean values when added give the measured 
mean value of the resultant. This is particularly useful when 
dealing with magnetic amplifiers, as will be seen later, because 
although the waveforms are markedly non-linear this relation- 
ship is often applicable. | 


1.5 Mean Voltage and Flux Changes 

When a voltage is applied to the terminals of a coil we have 
seen that the resulting current variations cause a flux change 
which induces an e.m.f. in the coil equal and opposite to the applied 
e.m.f. The total flux change in the core during a given time 
interval is proportional to the area under the curve of applied 
voltage against time. This follows directly from equation 1.3 by 
integration, thus 


tay 

i 

5 [edt = $a — bm 
tm 
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Consider the waveforms of voltage and flux shown in Figure 1.5. 
If no d.c. component is present in the voltage e, then the positive 
and negative areas X and Y under the voltage-time curve must 
be equal. Thus the total increase of flux 2¢ must be equal to the 


cd 


@ocareaX =areay - 
Y 


Y 


me com ee mt on te 


a cae Gi ee ee es we ace 


Figure 1.5. Diagram showing relationship between flux changes and voltage- 
time areas. 


total decrease of flux. Now assuming that there is only one posi- 
tive area per cycle (i.e. that the voltage changes sign only twice 
per cycle) this positive area will correspond to the total increase 
of flux. Similarly the equal negative area will correspond to the 
total decrease of flux. Thus the peak to peak flux 2¢ will be 
proportional to the area under the voltage time-curve for the 
positive part of the cycle, i.e. 


A 1 
flux swing, 26 = NW X (positive area). 
Also from (1.17) we have : 
Sh Ae a 
é = rik (positive area) 
d therefore 26 = ae é 
an erefore eae 
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A é 
= ON, 


This expression for the flux change is valid for all alternating 
voltages provided that there is no d.c. component and that the 
sign changes only twice per cycle. 

Since most practical cases meet these requirements, the above 
relationship between mean voltage and flux change is a very 
important one. 

It is equally important to note the converse of the above 
remarks, viz., if, over the complete cycle, there is no resultant 
change of flux linking the coil (a) then there can be no d.c. com- 
ponents present in the voltage e. 

If the flux at any instant ¢ is denoted by ¢(é), then if 
d(Z') — (0) = 0 we have 


T 


[ea ~o 2. ae 6 On 


Qe 


, (1.23) 


i.e. there is no d.c. component in the voltage e. 


1.6 Energy Storage in a Magnetic Core 


The energy required to establish a magnetic field is normally 
regarded as stored in the field, the energy being released when the 
magnitude of the field returns to zero. 

The magnetic flux ¢ is a function of the field, and thus a given 
flux level in a core is associated with a certain stored energy. 

This may be considered in relation to the coil in Figure 1.3 as 
follows : 

dp 


the e.m.f. applied to the coil ise = N, er 


and the current in the coil is 7, = F/N,. 
d 
Therefore the instantaneous power = e1, = F “¢ 


Also F£ =S¢ 


sh 


so that e 1, =Sd¢d ‘ 
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Therefore provided S is constant the energy stored over a time 
interval t,, to t, 


tn 
S 
= fe 2 at =; (fp? — ¢°,,) joules - + 4 (1.25) 
tm 


er 
Since S = —- this shows that for given values of ¢, and d,, the 
Cys 
energy storage in a core of given dimensions is inversely propor- 
tional to the permeability and is zero in the case of infinite per- 


meability assuming linearity and zero loop area. 


1.7 Summary of Useful Relationships 


(1) True mean value (d.c. component) of any T 
periodic quantity 7(t) of fundamental fre- 1 ( i(t)dt 
quency f = “i a 
(2) In particular, true mean value of any T 
periodic quantity I(t) containing no d.c. u | I(t)dt = 0 
component. z 
0 
i T 
(3) Mean (rectified) value of ¢(#) .  .  . it) = 7, [ li(t)|dt 
= 
1 - 
(4) In particular, mean (rectified) value of I[(é) I(t) == 7 { lzolae 
0 
= A (positive area) 


a A 


(5) If the sum of the instantaneous voltages 
e and e, is always equal to H, then provided é+é=H 
e and e, never have opposite signs 


(6) For a coil of N, turns, to which is applied ‘ é 
an alternating voltage e, of fundamental 26 = 2fN, 
frequency f, the mean value of e is related 


j Provided there is no d.c. com- 
to the peak to peak flux swing 24 thus :— 


ponent in e and the sign of e 
only changes twice per cycle. 
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THE TRANSDUCTOR 


2.1 Amplifying Devices 

w addition to the familiar applications to radio, television and 

public address systems, other requirements for reliable and 
effective amplifying devices have been steadily increasing for 
many years. For example, the manual control of industrial plant 
by human operators is now giving way to automatic systems 
which in general ensure more effective and accurate control. 
Such systems almost invariably involve the amplification of small 
mechanical or electrical signals from devices such as strain 
gauges, thermocouples and photo-cells. 

In the Defence Services, automatic control or servo systems are 
vitally important and in many applications such as automatic 
pilots, guided rockets, control of gun turrets, some kind of 
amplifying device is essential. Again, the solution of important 
and highly complex mathematical problems has been greatly 
facilitated by the use of analogue computers, the basic elements 
of which are amplifiers ; a large computer may contain several 
hundred of these. 

In view of all these requirements and many others it is not 
surprising that a considerable amount of research has been 
devoted to the development of amplifying techniques. 

In general an amplifier is a device which controls some output 
quantity at a comparatively high power level according to the 
variations of a signal at a lower power level. The characteristics 
generally required are that the output/signal ratio should always 
be constant within the range of operation and that this ratio, the 
gain, should be adequate. This of course implies that the amplifier 
shall respond immediately to changes of input and that it shall not 
generate parasitic signals within itself. Time delays, zero drift 
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and non-linearity are always present in some degree, however, and 
these effects combine to make practical amplifiers fall short of 
the ideal. Characteristics such as these, which determine whether 
a certain type of amplifier is capable of a given task, may be 
termed primary characteristics. Other considerations of nearly 
equal importance, however, are reliability, cost, and ease of main- 
tenance, and very often the engineer finds it necessary to make a 
compromise between the economics and the basic requirements. 


2.2 Transductor Amplifiers 


Transductors * and magnetic amplifiers are low impedance 
devices, in which amplification is achieved by utilizing the non- 
linear properties of ferro-magnetic materials. The transductor is 
the basic amplifying element in a magnetic amplifier just as the 
valve is the amplifying element in an electronic amplifier. It is 
an amplifier to which the input signal is a voltage applied to a coil 
linking an iron-cored system. Other coils linking the system — 
carry the load current which is usually supplied from a low 
impedance source of alternating e.m.f. Variation of the signal 
current changes the flux levels in the core and modifies the 
operating conditions in the load circuit so that the load current 
is modulated according to the variations of the signal. By the 
use of special techniques to be described later, the power required 
to polarize the core can be made very small compared with the 
power controlled in the load, so that the device may be used as 
a power amplifier. Transductors are usually considered to be 
complementary to valves. They are normally employed in 
magnetic amplifiers, but are sometimes used with valves either 
as low impedance output stages or as a.c.—d.c. converters to 
precede electronic amplifiers where low zero drift is required (see 
Chapter 12). In many respects the properties of transductors 
closely resemble those of rotary amplifiers such as the metadyne 
and amplidyne. The time constant of magnetic amplifiers is 
usually much longer than that of valves, seldom being less than 
1 millisecond and often as high as 1 second. 

Transductors and magnetic amplifiers are now frequently used 
in industrial and service equipment. Their electrical charac- 
teristics are probably not unique and in general an electronic 


* Transductors should not be confused with transducers. The latter is a 
general term for a device which converts one form of energy into another, such 
as a microphone which converts acoustic to electrical energy. 
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valve, relay or rotary amplifier may provide an alternative. 
Often, however, the magnetic amplifier is preferred on account of 
its greater robustness and reliability and lower heat dissipation. 

The basic circuit elements employed in magnetic amplifiers 
are non-linear inductors and rectifiers, and since the mathematical 
relations for such circuits are non-linear they nearly always defy 
solution. A rigorous approach to the problem has therefore 
generally been abandoned in favour of less rigorous methods, 
based on specific assumptions regarding the circuit or the mag- 
netic core. Although such treatments give only approximate 
results, nevertheless the salient features are usually brought out 
sufficiently to enable the engineer to give a reliable physical inter- 
pretation of the facts. 


2.3 Basic Operation of the Transductor 


In Chapter 1 we considered the behaviour of the circuit in 
Figure 1.3 for variations of m.m.f. and flux confined to the high 
permeability (linear) region of the core characteristic. When the 
circuit was excited by a sinusoidal e.m.f. it was shown that the 
alternating current 2, produced an alternating m.m.f. which 
varied symmetrically about the zero line as shown in Figure 1.4. 

If by any means an additional direct m.m.f. is applied to the 
core the total m.m.f. will no longer vary symmetrically but will 
be displaced by a constant amount depending upon the magnitude 
and direction of the direct m.m.f. If this is sufficiently large, then 
the total ampere-turns will produce a flux which saturates the 
core during a part of the cycle of alternating current. This will 
cause a considerable reduction in the circuit inductance during 
this part of the cycle, thereby leading to a non-linear mode of 
operation which will probably be incapable of a general solution. 

At times when the inductance (oc dd/df) is large, the voltage 
developed across the coil will be a large fraction of the supply 
voltage and only a small e.m.f. will be available to drive current 
through the circuit resistance ; the current 2, will therefore be 
small. 

When the inductance is small, however, most of the supply 
voltage will appear across the resistor and the current 7, will be 
correspondingly large provided the resistance is small compared 
with the unsaturated reactance. The precise nature of the current- 
time variation will be fully considered later. Meanwhile, suffice 
it to say that if the ‘‘ knee ” of the magnetization curve is sharp, 
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a sudden decrease in the value of the inductance will occur every 
other half-cycle. This will modify the instantaneous values of 
the current 2,, which will no longer remain sinusoidal but will 
tend to assume two distinct ranges of values within one cycle, 
viz., those corresponding to a high inductance and those corre- 
sponding to a low inductance coil. 

The relative duration of these two conditions will depend upon 
the magnitude of the applied d.c. field, which will therefore 
govern the mean value of the alternating current. 

A principle of this kind is employed in various types of flux-gate 
magnetometer *, in which a polarizing field H is measured by 
the effect it produces in an electrical circuit containing an iron- 
cored coil (see Chapter 12). 

In a transductor the polarizing field is produced by applying 
the signal voltage to an additional winding (c) (Figure 1.3) linking 
the core. The load current will then correspond to that flowing 
in &,. The signal winding is identified by the suffix c and will in 
future be called the control winding. It is connected to the 
signal source. ‘The other windings and associated circuit are 
denoted by the suffix a; they will be called the a.c. windings. 
The resistance #, is in series with the latter windings and a source 
of alternating emf. H, of frequency f. 

Withthe above arrangement, however, the two coils are mutually 
coupled and an alternating voltage of frequency f will be induced 
in the signal circuit. Thus interaction will occur between the two 
circuits, so disturbing the amplifying properties. If, on the other 
hand, the coefficient of coupling is arranged to be small, then a 
large signal current would be required to polarize the core effec- 
tively, and the power level at the input would be unreasonably 
high. This would be contrary to the requirement that the device 
should behave as a power amplifier. 

When using the above arrangement, saturation only occurs once 
every cycle and this therefore forms the basis of a half-wave 
transductor element. When used in conjunction with rectifiers it 
can be made to give a useful gain (Chapter 9); otherwise the 
circuit is of little value. 

The coupling effects described above can largely be overcome by 
the use of twin windings in each circuit, those in the load circuit 
being in series opposition (see Fagure 2.1). This arrangement 
forms the full-wave transductor and eliminates most of the 
interaction. Provided the mutual inductances M, and M, are 
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equal then, at such times, no a.c. components can be induced in 
the control circuit. When a control voltage #, is applied the 
desired polarizing effect is still achieved in each core, and it will 
be shown that under these conditions the only voltages induced 
in the control circuit are even harmonics of the supply 
frequency. 


Control 
circuit 


A 
Basin wt 


ac 
Circuit 


Figure 2.1a. Circuit for simple transductor (Positive Half-Cycle). 


Figure 2.16. Equivalent circuit of simple transductor after saturation of core A. 


In practice there are a number of ways of arranging the windings 
and various core systems exist. All achieve the same cancelling 
effect, however, and the reason for employing a particular method 
is often little more than one of convenience. ‘The various methods 
of achieving this effect and their respective merits will be discussed 
in the succeeding chapters. A simple physical interpretation of 
transductor action is now given for the circuit of Figure 2.1a. 
The relevant waveforms are shown in Figure 2.2. They imply a 
particular set of conditions, which will emerge as we proceed. 
The magnetization curves of the two similar cores are assumed 
to be of the form shown in Figure 1.4, and the supply voltage EL, 
in the a.c. circuit to have been adjusted so that for no signal input 
(7, = 0) the alternating fluxes ¢, and ¢, in cores (A) and (B) 
have a peak value which just fails to saturate either core. 
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Figure 2.2. Waveforms of current and voltage for full-wave transductor with 
low control circuit impedance. (Curves applicable to case where Ne=N,.) 


If a direct control voltage #, is applied, a control current must 
flow and this will produce equal m.m.f.s 2,N,, in each core. 
The total m.m.f. magnetizing a core is 


fF = & (ampere-turns) 
For core A (Figure 2.1la) F, =1.N, +1,N, de te SED) 
and for core 6 Fp=tN,—1N, o & & (22) 


With the addition of the m.m.f. due to the control current there 
comes a time during the positive half-cycle when the total m.m.f. 
in core A has increased sufficiently to saturate it. The instant of 
saturation ¢, is called the firing time. 

Before saturation, the total reactance in the a.c. circuit is 
always large compared with the resistance #,. Thus the current 
through the resistance is very small and lags behind the applied 
voltage by nearly 90°. 
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Now during unsaturated periods the two-core m.m.f.s /, and 
F, are both less than the small value /,. It follows from equa- 
tions (2.1) and (2.2) that the control current 7, must also be small. 
Furthermore during these periods all voltages induced from the 
a.c. circuit must cancel and hence the instantaneous control 
current depends only upon the control voltage. During wun- 
saturated periods the control current is considerably less than 
E.,/R,, due to the switching action caused by saturation and the 
large unsaturated inductance of the control windings. The full 
significance of this will become apparent shortly. 

When core A saturates, the self-inductances and mutual 
inductance of the coils on core A become negligible. The control 
circuit and load circuit are now effectively coupled by the large 
mutual inductance M ,, since the opposing effect of M, has now 
been removed. 

When this occurs, the circuit may be considered modified to 
that shown in Figure 2.1b. Voltages are mutually induced in 
both circuits due to the coupling through core B. The control 
current and load current in general increase suddenly and assume 
a new range of values consistent with the changed circuit condi- 
tions. This is termed the conducting period. 

Immediately upon saturation of core A the coils on core B 
behave like a transformer with a short-circuited coil V, (assuming 
R,is very small). This is because any change of current in the 
a.c. circuit is accompanied by an equal and opposite change in 
the control circuit in such a direction as to prevent any further 
flux changes in core B (see section 1.2). Thus no voltage appears 
across either the coil NV, or across V,. The whole supply voltage 
appears across the circuit resistance R, and the load current 27, 
will therefore be limited only by this resistance so that 


Vigo zo wt i gj. a OES) 

Since the total impedance during saturation is much smaller 
than the unsaturated reactance of the a.c. windings, the current 7, 
is much greater during the conducting period than when both 
cores are unsaturated. 

Now core B has not saturated and from the previous paragraphs 
no further flux change can occur in this core. But since the load 
current has increased to a large value the control current must 
also have increased, in such a way that the total m.m.f. in core B 
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remains almost constant at a.value less than #,. This small value 
represents the difference between the large opposing m.m.f.s 
1,V, andi,N,. It follows that the control ampere-turns will be 
approximately equal to the load ampere-turns. 

Thus we see that although core B is unsaturated during con- 
duction it is not able to limit the load current which suddenly 
increases at the beginning of the conducting period, while a similar 
increase in the control current takes place to ensure no flux 
change. This in fact follows directly from Lenz’ Law.* 

The conducting period lasts until the m.m.f. in core A becomes 
sufficiently small to desaturate this core. 


Since f', =1,N,+2,N, 
and tN gO IN 


then Ff, = 21,N, = et sin wt (from equation 2.3). 
a 

Therefore core A will become unsaturated when sin wi 
approaches zero, which is at the end of the positive half-cycle of 
supply voltage. 

Although it is now evident that the control current is not 
constant during the cycle, the control voltage is however. We are 
assuming steady-state behaviour with consecutive cycles similar, 
and so there can be no net flux change in the cores over one cycle. 

It follows from equation 1.24 that the mean level of the voltages 
induced in the control circuit is zero even though their instan- 
taneous values evidently are not. ‘Therefore the mean voltage in 
the control circuit can only be due to the control voltage, and the 
constant current /,/R, must be the mean control current 7,, but 
not the instantaneous control current. As we have seen, this 
current is nearly zero during unsaturated periods but corresponds 
with part of a sine wave during conduction (figure 2.2c). The 
time of saturation t, must therefore adjust itself via the core 
fluxes until the mean value of the control current is equal to 
E.,/R,. This is considered further in section 3.13. 

During the negative half-cycle of the alternating current, core B 
saturates. Hquation 2.1 now applies numerically to core B and 
equation 2.2 numerically to core A. 


* When an e.m.f. is induced in a conductor due to a change of flux linking the 
conductor the direction of the resulting induced current is such as to oppose the 
change of flux. In the present case the flux change is caused by i,, the induced 
current being 2. 
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Therefore the m.m.f. in the unsaturated core is always equal to 
N,— |t.Nal » . . (2.4) 

When core B saturates, exactly the same sequence of events 
occurs excepting that coupling takes place through MM ,. 

If the permeability of the cores is very large indeed and losses 
are neglected, then the condition that a core is unsaturated must 
imply a very small m.m.f. therein so that, by 2.4, 

iV, = |t,NV,| during saturation . . . (2.5) 

To summarize, during the period of one cycle, when neither 
core is saturated both the load current and the control current 
are relatively small and practically the whole supply voltage is 
developed across the transductor. When any one core saturates 
nearly the whole supply voltage is developed across the load ; 
simultaneously the load and control currents suddenly increase 
so that : 


1, = — sin wt 


and iV, = |t,N,]. 

Referring to Figure 2.2 it will be seen that if the firing angle 
moves to the left, the mean load current is increased. Maximum 
current is delivered to the load when the firing angle occurs at the 
beginning of each half-cycle. This is discussed more fully in the 
following chapters. 

Perhaps the most significant feature brought out by the above 
consideration is the way in which current is drawn from the 
control source. 

It is seen that the control current is not steady but pulsating 
at twice the supply frequency. 

By integrating both sides of 2.5 between 0 and 7 and dividing 


1 
bY ih : T 
N, xX 7 lela Nea. <i dt 
0 
N NE 
therefore, t,= 2-1, = Vv —— e. & «ge. 26) 


This gives the current gain as 


N 
ot oe ra (neglecting the magnetizing current). . (2.7) 
Ve a 
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In practice the permeability of the core 1s not infinite and the 
m.m.f. in the unsaturated core is small but finite. Therefore 
the rectified load ampere-turns |¢,N,| do not quite balance the 
control ampere-turns. 

However, the difference is very small and in the circuit of 
Figure 2.1 the load current is determined almost exclusively by 
the control current and the turns ratio. Thus, although the a.c. 
supply is derived from a low impedance source the load current 
is constrained by the transductor to be independent of all para- 
meters, other than the control current, e.g. load resistance and 
a.c. supply voltage. This, of course, is a desirable feature since it 
implies that the output current is effectively constant even though 
the supply voltage, for example, may be varying. 

On the other hand it is apparent that the control voltage must 
be large enough to supply a mean control current, L,/#,, which 
will balance the load ampere-turns and not merely one which will 
produce a polarizing flux in the cores. For these reasons the 
voltage, current and power gains of this circuit are generally low. 

In Chapter 4 it will be shown that the system may be considered 
in the same light as an amplifier having external negative feed- 
back. The negative feedback of current in this case gives rise 
to the characteristic features of linearity, high output impedance 
and low gain. 


2.4 Characteristics of the Transductor 


The three variables which are usually considered to define the 
steady-state operation of transductors are the mean transductor 
voltage across the a.c. windings @,, the mean current 7, in the a.c. 
windings and external circuit and the mean control current 7, (see 
Figure 2.1a). 

A family of curves relating these three variables is normally 
plotted for the no-load condition (in which case the a.c. circuit 
resistance is very small, consisting only of the internal resistance 
r, of the windings). These curves are of the form shown in 
Figures 2.3 a and b in which the mean transductor voltage @, is 
plotted against the mean load current 7, for various values of mean 
control current 7,. Figure 2.3a is an idealized characteristic 
based on ideal cores, and Figure 2.3b is a practical characteristic. 

It was shown in section 1.5 that, for the waveforms with which 
we are concerned, the mean voltage across an a.c. coil is propor- 
tional to the total flux swing in the corresponding core. Further- 
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more, the flux cannot change by an amount greater than 2, since 
-++ ®, correspond to the positive and negative saturation values. 
Thus considering the curve for zero control current (7, = 0 in 
Figure 2.32), when the mean transductor voltage é, reaches a 
certain value, é,,, the flux is varying over its full range and so @,, is 


Eas = €ts' "MT 


las 


te oe mA 
Figure 2.3a. Idealized voltage-current characteristics. 

Figure 2.3b. Voltage current curves for practical transductor having turns ratio 

Ne 

NSS TO. 
the maximum voltage which can be supported across the trans- 
ductor. If the supply voltage is derived from a low impedance 
source and is increased beyond this critical value, then, since the 
voltage supported by flux changes can increase no further, the 
excess voltage will be supported solely by the resistance of the 
windings and the current will increase rapidly with respect to 
voltage along the line AF (Figure 2.3a). 
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In the practical case of Figure 2.36 the value of @,, must be 
chosen on the basis of the shape of the characteristic in relation to 
the particular application (Chapter 13). 

The characteristics for different values of control current are also 
shown. These are displaced to the right by an amount depending 
upon the magnitude of the control current. As discussed in section 
2.3, the mean load current is very nearly constant over the working 
range and is determined only by the control current. 

The useful range of the transductor lies between the line 
ABCD and the line OZ, the slope of which corresponds to the 
resistance of the windings in the a.c. circuit. The horizontal 
extent of the range is limited by the temperature rise in the a.c. 
windings while the vertical height of ABCD is governed as we have 
shown by the maximum voltage which can be applied to the 
windings without causing saturation. 

The line passing through ABCD defines the circuit when 
operating with a constant transductor voltage and control 
currents equal to 0, 1, 2 and 3 milliamps respectively. 

If a load is present in series with the a.c. windings a load line 
can be drawn for a fixed supply voltage. The load line YX 
(Ligure 2.3a) corresponds to a supply voltage OY. In practice 
OY is approximately equal to OM and therefore the appropriate 
supply voltage H,, is approximately given by @,,. The transductor 
voltage cannot now remain constant as the current 7, increases, 
due to the voltage drop in the load #A,. In the practical case 
(Figure 2.36) the conditions are defined by the dotted line 
A B'C' D’, which corresponds to the load line. 

For zero control current practically the whole supply voltage 
appears across the transductor, and the load current 7, under these 
conditions is ideally very small. As the control current is 
increased, the mean load current also increases and therefore the 
voltage developed across the load rises while that across the 
transductor falls, until eventually the whole supply voltage is 
available to drive current through the circuit resistance (point G 
on Figures 2.3 a and b). The mean load current cannot there- 
fore increase any further and this limiting value, denoted by 
lag 1S given by E 

~ as 
Digs R, SS 4 % E278) 
where fh, = &, +7, and 7, is the winding resistance. 

For a fixed supply voltage and a fixed circuit resistance the 
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straight line XY defines the range of the transductor, where the 
point Y corresponds to the value of the supply voltage and the 
point X is the maximum possible current assuming zero winding 
resistance. The slope of XY is equal to — #, and it is shown in 
Chapter 3 that, in practice, 
this line is very nearly 
coincident with the load 
line and may be taken as 
being so for practical 
purposes. 

The characteristic for a 
given load may be plotted 
asin Figure 2.4, in which 
the mean load current 7, 
is plotted against the 


mean control current 7, 
Figure 2.4, Control current characteristic for P f 
two load conditions of Figure 2.36. for the two load condi- 

a. No load (ABCD). tions of Figure 2.3. The 


6. Load corresponding to line AB’C’D’. slope of this curve is the 
current gain, which has 
, and the maximum value of the load 


—* te 


ene: 
N, 
current is #,,/h, while the minimum value is 74. 


been shown to be 


2.5 Control Ratio 


In order to obtain an adequate range of control, the maximum 
load current should be large and the minimum should be small. 
If the load resistance is constant, then 7,, may be increased by 
increasing the supply voltage. If the mean supply voltage is 
increased beyond that which can be supported by the transductor, 
however, then the minimum current 7,, would also suffer a 
considerable increase, due to saturation of the transductor. This 
would be undesirable for three reasons. Firstly, the control range 
would be decreased due to the large increase of the standing 
current. Secondly, the transductor would be outside the operat- 
ing range for small values of 7,. Thirdly, a large initial load 
current would lead to problems of zero drift. 

The control ratio m is often used as a criterion of the range of 
control and this is defined by 

beg Bg) tee : 
= Foy approximately 
Ww 
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where 2X ,,,is the reactance of the a.c. windings in the unsaturated 
state. Thus the control ratio is approximately given by 


yp ran 
ne 2 dh, leet 2D 
mM PR (2.9) 


a 


provided that iron losses are negligible and X,,, >> R,. 


2.6 Supply Voltage 


The maximum permissible supply voltage has already been 
shown to be approximately equal to @,, and it may therefore be 
determined from equation 1.23. | 

Since the total flux swing is 20,, and in this case there are two 
coils in series, 

Bas = 215 = 4fN, X 20, = 8fN,aB, . . . (2.10) 

(see equation 1.2) | 

In practice saturation does not occur sharply and the appropriate 
value for B,, which determines the supply voltage, is not definite. 
Some fraction of the ultimate saturation flux density is usually 
chosen for design purposes. This fraction varies somewhat from 
one magnetic material to another but it is usually about 0-7 of 
the ultimate saturation density. 


2.0 Power Output 


Transductor power amplification and output are defined in 
terms of rectified mean values of currents or voltages. This is 
primarily because interest is generally centred on electromagnetic 
loads. Thus, considering a smooth direct current 7,, flowing in 
any coil, the power dissipated is A(z,,)?. [If one now considers a 
rectified alternating current flowing in a similar coil, the same 
electromagnetic effect is produced if the mean value of the 
rectified current is equal to 71,, and therefore the equivalent 
expression for the useful “ power” output is given by R(7)?. 
Strictly speaking it is agreed that this does not specify the actual 
power dissipated and possibly a preferable term would be mean 
volt-amperes. Nevertheless, the term power or mean power is 
now generally employed in transductor terminology to indicate 
the quantity (2)? and it will be used here. It should also be noted 
that the input/output relationships are only linear when plotted 
in terms of mean values. 

The transductor delivers full power to the load when 7, = 2,, 
and the maximum power which can be dissipated in the load 
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712 
as 


resistance #, is therefore pe R,. Ifthe load resistance were the 
only resistance in the circuit, then R, would be equal to R, and 
the output efficiency would be 100%. However, the windings 
also dissipate some of the power and the efficiency of the a.c. 
circuit is some factor less than unity (section 2.12). 

For a given transductor, maximum power output is delivered 


when the load is matched to the internal resistance of the trans- 


2 
as 


Ey 
ductor, in which case A, = oe and the maximum output is 


2K, 
In general the output may be written in the form 
BE 
LP 9 * . 6 204) 


712 
as 


where 7 is equal to R,/R, and is the total mean power dissi- 


a 


pated in the a.c. circuit. By combining this with the expression 
for the supply voltage (equation 2.10) and writing D, = aB, 


64 f2B? a2N2 
a 

This expression will be used in the following section to relate 
the power output to the power amplification. 


P = . (2.12) 


2.8 Power Amplification 
If the mean load current is equal to 7, the mean power gain of a 
transductor is defined by 
12\ > beg. 
= | — ee se (ess) 


bil al gig, 
where 7,,, is the resistance of each control winding. 

The above expression may be termed the useful power gain as 
opposed to the circuit power gain, which involves the total circuit 
resistance in the input and output and is equal to 


D 


i] Va R, 
Gr - Hi 7 
Combining 2.13 with the expression for the current gain (equation 
2.7) 2 Pp 
G. = Ne 2 (2.14) 
Np 


* In some cases where the load is reactive and fed through a bridge rectifier, 
the mean load current iz is not equal to the current in the a.c. coils 7,. Examples 
of this occur in Chapter 6. 
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p | 
and also G, = G,-—— .n a. a -¢. (215) 


p FOF 


Let us now determine how the useful gain varies with the other 
2 


parameters. Firstly, the ratio 5 ~ (equation 2.14) is primarily 
cw 
a function of core dimensions. This may be shown as follows. It 


will be assumed that the control 
6 €' AN XO 


winding area available on the core 
after allowing a space factor for 


imperfect winding is A,, the mean CX X XX Ns; 
length of one turn b, and the wire > <> <y aS an = 
section s,. The wire may be €66s i y, 
assumed to lie evenly in the area Figure 2.5. Section of an ideal 
A, as shown in F agure 2.5, and winding. Total area occupied 
a by wire = = Ap. 
therefore s, = — .- y as 
° ON, 4 
and the total length of wire on two coils is 
2N .b.. 
specific resistance x total length of wire 
Now 74 ae — SPECHIO Te a iris = 
area of wire section 
8p 6b 
therefore 7 a Eee N? 2 a, ey (2e16) 
a A, 
Combining 2.14 and 2.16 
A, & 
Gao. 8 . (2.17) 
80 6, NZ , 
or alternatively a A, R, 


| 
| 


[—, eS ~ « « (2.18 
p 8p b, WN? 7) ( ) 


As in equation 2.16 we have for the two a.c. windings 


8p b 
vs see ae Se ; N2. 
oe a A, “ 
Thus from (2.17) we have 
A,b, Ry, 
Ge a ae 


This shows that, to a first order, the useful power amplification 
is independent of the number of turns on either winding for a 
given winding area. 
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ft 
The quantity We may be eliminated from equation 2.18 by 


combining it with the expression for the output (equation 2.12) 
giving 
_ (87 Aa rope 7 a 
G, = E ae JB an ‘pot: (2.19) 
Thus for a given core and supply frequency the power gain is 
limited by the power output. The relation between gain and 
output is approximately a rectangular hyperbola, and for reason- 
able values of power output the power gain of the simple trans- 
ductor is fairly small. Some idea of the magnitudes can be 
obtained by putting numerical values into the above expression. 
Taking | 
A, =2 x 10-4m? (2 8q. cm.) 


ti 2 > 10m” ~(2:8q...cm;) 
b, = 25 X 10-*m (25 cm.) 


jf =5b0 Gps. | 
B, = 0-6 weber/m? (6,000 gauss) 
n= 08 
pes 17. < 10-* ohm,m, 
which gives G, Sees 


The size of such a unit would probably be that of a 4-in. 
cube and for an output of 1 watt at 50 cycles per second the power 
gain would be only about 27. It is clear, therefore, that the 
power gain is very limited in the case of the simple transductor 
so far described. 


2.9 Self-Excited Transductor 


In section 2.3, it was seen that during those parts of a cycle 
which contribute effectively to the mean load current, that is 
when the instantaneous value of the load current 7, is large, an 
opposing current flows in the control circuit such as to maintain 
ampere-turn balance between the control and a.c. circuits. This 
apparently induced current must be drawn from the d.c. source. 
Thus, although the current required to polarize the cores is only a 
very small-steady current from the input, the actual mean cur- 
rent which must be supplied, in addition, to maintain this ampere- 
turn balance is very many times greater. 
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~ Considerable increase in gain is achieved by using self-excita- 
tion, which provides means whereby the rectified load current is 
made to flow through an additional winding similarly disposed 
to the control windings, thus providing a form of positive feedback 
to the input. A typical self-excited transductor circuit is shown in 
Figure 2.6. The full mechanism of self-excitation will be dis- 
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Figure 2.6. Circuit of self-excited transductor. 


cussed later, but there are one or two points worth noting at this 
stage. 

Since the control current was called upon to supply a large 
component necessary to balance the load ampere-turns, a part 
or all of this can now be supplied by the rectified load current 
itself, leaving only a small component to be supplied by the con- 
trol source. The control voltage necessary to obtain a given 
output is therefore greatly reduced. ‘The total ampere-turns 
necessary to balance the load ampere-turns are 7,N , and assuming 
the core permeability to be infinite we showed that these were 
supplied by the control current thus 


aN , oe UN a 
If, however, there are N, turns on the self-exciting winding in 


series with the load, then the control m.m.f., now aided by the 
self-excitation, is reduced to 


iN, =i,N,—i,N, (2.20) 
The current gain for infinite permeability becomes 
| Ot, N, 
5, Nl, > = C2) 


which tends to infinity as V,—> N,. This condition corresponds 
to 100% self-excitation. In practice the permeability is not 
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infinite and the gain of a transductor with complete self-excitation 
is finite. The characteristics of the transductor using 100% 
self-excitation are very different from those of the transductor 
without self-excitation. The gain is large and dependent upon 
the core properties, non-linearities are considerably more marked 
and the device no longer has constant current characteristics. 
Furthermore the gain for large negative control currents is very 
small and the transductor is therefore polarity sensitive. By 
using the type of circuit shown in Figure 2.6 power gains of 10* 
and 10° can be obtained in one stage of amplification. 


O- = =—<‘aD~“‘Cs:~C~s~«S 30 40 Xx 


tq MA (mean) 


Figure 2.7. Voltage-current characteristics for fully self-excited transductor 
on no load (load-line XY), 


A typical family of curves 
equivalent to those in Figure 2.3 
is given in Figure 2.7 for the 
fully self-excited transductor. 
The line XY corresponds to a 
load of 330 ohms, and reading 
off from the points of intersec- 
tion, the average current gain 
from 10 mA. to 30 mA. 


= 
~ 


S Yao lk approximately 200. Thus for 
SS > control circuit having the same 
a resistance as the load circuit 


Figure 2.8. Control current char- the circuit power gain is of the 
acteristic for particular case of 
load-line XY (Figure 2.7). order of 40,000. The contro! 
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current characteristic for this load condition is plotted in 
Figure 2.8. 


2.10 A.C. Magnetization Curve 


Returning to the transductor characteristics in Figure 2.36 it 
has been shown that all the curves follow the same general shape 
over the working range. The particular curve plotted for zero 
control current is the a.c. magnetization curve. This is similar 
to the d.c. magnetization curve (B/H curve) excepting that it 
also brings out the effect of iron losses which tend to reduce the 
slope in the unsaturated region. 

The core characteristics required by the transductor designer 
are a sharply saturating magnetization curve, a high saturation 
flux density and low iron losses. An additional circuit require- 
ment is that the total a.c. circuit impedance for zero control 
current should be large compared with the impedance at 
maximum output. The unsaturated impedance is given by the 
slope of the line joining the point A (figure 2.3) to the origin, 
while at maximum output the impedance is approximately that 
of the load and a.c. windings. It has already been shown that if 


‘ unsaturated reactance . —— 
the ratio of is large the control ratio is 
resistance 


high, and it will be shown in Chapter 4 that this ratio has con- 
siderable bearing upon the gain of transductors with a high degree 
of self-excitation. | 

The general form of the a.c. magnetization curve gives a good 
representation of the quality of the material in these respects 
and since it is a comparatively easy curve to obtain experi- 
mentally it is often used for the assessment of transductor cores. 

If the curve is plotted in the form shown in Figure 2.36 then it 
will be applicable to a particular core only. If, however, the ordin- 
ate is plotted as a flux density swing from equation 1.23 and the 
abscissa as the mean m.m.f. corresponding to the mean current 7,, 
the curve is then generalized and willapply to a particular material 
at a certain frequency; it may then be used for the comparison 
of various materials. This is shown in Figure 2.9 where a.c. 
magnetization curves are plotted at 400 c/s for toroidal cores of 
Mumetal (a), H.C.R. (6) and a grain-oriented silicon-iron, 
Crystalloy (c). 

From these curves it is seen that Mumetal has the steepest slope 
in the unsaturated region but a lower saturation flux density 
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than either H.C.R. or Crystalloy. For this reason its use is gener- 
ally confined to sensitive stages of low output and high gain. It 
is also clear that H.C.R. has better magnetic properties than 
Crystalloy. Its disadvantage lies in the cost which, by virtue of 
the nickel content, is necessarily higher than that of silicon-iron. 
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Figure 2.9. A.C. magnetization curves for various soft magnetic materials at 
400 c/s and 2000 c/s. 


In addition different types of core give rise to variations in 
shape of the a.c. magnetization curve, the best results usually 
being given by toroids. Jigure 2.9d shows the curve obtained for 
a cut type C core. This may be compared with curve (c) for a 
continuous tape wound toroid showing the effect of the air gap at 
the joint of the C core. Finally the effect of increasing frequency 
is to introduce iron losses which reduce the slope in the high 
permeability region and tend to increase the slope in the low- 
permeability region. A curve for Mumetal at 2,000 c/s is shown 
dotted in Figure 2.9e. 
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2.11 Form Factor and Waveform of Load Current 

- The waveform of the load current shown in Figure 2.26 is seen 
to be part of a chopped sine wave. At maximum output the time 
of saturation t, occurs at points corresponding to wt = 0, a, 27, 
etc. As the control current is reduced, however, ¢, moves to the 
right and so decreases the mean load current. Thus the wave- 
form of the load current is one which varies over the working 
range from a sine wave at maximum output down to a very small 
pulse at the lower end of the characteristic. The form factor of 
a wave is the ratio of the r.m.s. value to the mean value of the 
quantity defined by the wave. For a sine wave the form factor is 
equal to 1.11, but in the present instance the form factor is not 
constant but a function of the output. 

When considering the load current in relation to a specific 
application, interest is centred primarily on the mean value 
rather than the r.m.s. value (section 2.7). Nevertheless, when the 
load current flows in the a.c. windings it causes them to heat up 
and the heat generated will be proportional to the square of the 
r.m.s. current. Ifthe form factor is known it enables the designer 
to estimate the heat generated for a given mean current output. 

When the transductor is completely saturated firing occurs at 
t, = 0, the waveform is sinusoidal and the form factor of the 
current is 1.11. But when self-excitation is used the linearity 
falls off considerably before complete saturation and hence the 
form factor must be known for the particular point at which the 
maximum useful output occurs in order that the maximum heat- 
ing effect likely to be encountered may be estimated. 

As an example let us consider the form factor when maximum 
linear output occurs half-way up the control characteristic. 

At maximum possible output we have : 

- The mean load current = 7,, 

and the power generated in a resistance 7 will be 
Ki)? XE 

Each half-cycle of the sinusoidal current 7,, can be considered 
as two equal parts, the first lasting from wi= 0 to wt = 90° and 
the second from wt = 90° to wt = 180°. If current only flows 
for the latter period then exactly half the power will be dissipated 
in r, so that if 2’ is the r.m.s. load current corresponding to a 
aring angle of 90° the power will be 

ri? = Fr (ig)? (LL 
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giving y= = 45 | (1.11). 
The mean current when ¢, corresponds to 90° i is equal to 4 tas 
and therefore the form factor i is 


t 


1a A/e 187: 


alas 


In practice for a firing angle of 90°, the form factor would 
probably be about 1-4 due to practical limitations such as 
indefinite saturation, iron losses, etc. 

Under ideal conditions it may easily be shown by integration 
that for a firing angle @ the form factor is equal to 


da(a — 6) + insin 26]? 


= Te ee 
d 1 + cos @ ( ) 
and the firing angle @ for a mean current 7,, is given by 
§ = cos E ale 1 . .. (2.28) 
vas 


2.12 Efficiency 


There are two possible definitions for the efficiency of a trans- 
ductor. The thermal efficiency 7 is the ratio of the r.m.s. power 
dissipated in the load to the total r.m.s. power supplied. If the 
load resistance is #,, and the internal resistance is r, we have 


Ry, _ fy, 
1" R » k,+r, 
Alternatively we have the mean power efficiency in recognition 
of the fact that the output is normally considered in terms of mean 


volt-amperes ; this may be written as the ratio »,, of the mean 
power output to the total r.m.s. power supplied, i.e. 


(see section 2.7) . . . (2.24) 


oa 9 R 
1 aes where g = the form factor, 


giving tp a . 4, (2,25) 


This is now considered in relation to the following example. 
A transductor is required to operate into a large moving-coil 
milliameter of full-scale deflection 100 mA. and resistance 10 ohms. 
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If linear operation is achieved up to 70% of the maximum output, 
find 

(a2) The total power supplied. 

(b) The thermal efficiency. 

(c) The mean power efficiency. 


Assume that the internal resistance of the transductor is 1 ohm, 
that saturation occurs sharply and that iron losses are negligible. 
If the meter were operated from d.c. the power dissipated in 
the output would be 
(0-1)? xX 10 = 0-1 watt. 
This is therefore the useful mean power output of the transductor. 
From equation 2.23 the firing angle at 70% of maximum output 
will be 
cos-t (2 x 0-7 — 1) = 66-5° 
giving @ = 1-16 radians 
and hence from equation 2.22 
Go 137, 
Thus the total power supplied will be 
(1 oe det) oc ye 
= (0-1 x 1:37)? x 11 watt 
= 0-207 watt. 


10 
The thermal efficiency 7 is R,/R, = a 0-91, 


but the mean power efficiency will be 


This brings out the point that when supplying an electro- 
magnetic load, the transductor supply is less efficient than a 
steady d.c. supply. This is due to the fact that the heating effect 
of a pulsating current is always greater than that of a constant 
current of the same mean value. 

In practice the situation would not be quite so bad as depicted 
in the above example since the transductor pulses would be less 
sharp than in the ideal case ; the form factor g would probably be 
nearer 1-2 giving a mean power efficiency of about 60%. 

If the load current is smoothed by means of capacitance or 
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inductance, then ideally the form factor approaches unity. The 
disadvantage of such an arrangement is that linearity no longer 
holds between mean input and mean output. There are, however, 
a number of advantages of smoothing. In particular it is found 
to cause a substantial increase of gain, particularly at low signal 
levels. This is fully discussed in Chapter 6. 

The thermal efficiency of transductors varies considerably, 
depending upon the supply frequency and the size of the unit. 
Thus in order to be able to withstand a given supply voltage at 
low frequencies small transductors must have an a.c. winding of 
comparatively high resistance, and the ratio #,/h, may therefore 
be as low as 50% without overheating. At higher frequencies the 
number of a.c. turns, and hence the winding resistance, can be 
reduced for the same core size and applied voltage; the efficiency 
thus increases. It is in fact necessary to arrange for more efficient 
operation at high frequencies to avoid overheating. Large trans- 
ductors at low frequencies also tend to be of higher efficiency than 
the smaller units. 


2.13 Transductor Assemblies 


In the preceding discussion the transductor has been represented 
by two transformers connected in series opposition. This is not 
normally regarded as a good method of transductor construction, 
however, and some of the methods used in practice are summarized 
below. There are three principal ways of arranging the cores and 
windings for single-phase transductors. Firstly, the method so 
far described of interconnecting two transformers. This is a fairly 
cheap method of construction and the arrangement is quite 
satisfactory in operation but suffers from the disadvantage that, 
although there is no resultant voltage of fundamental frequency 
across the control windings, the balance is obtained from two 
comparatively large anti-phased alternating voltages across each 
coil. This is liable to cause voltage breakdown of the individual 
windings. 

One of the first methods of transductor construction was to 
employ cores of the shape shown in Figure 2.10 a, in which the 
control winding was on the centre limb and the a.c. windings on 
the outer limbs. The fundamental components of the alternating 
fluxes cancel in the centre limb, thereby giving cancellation of 
fundamental voltages in the control windings, while the polarizing 
fluxes pass through the centre limbs and thread the outer limbs. 
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This form of construction is also comparatively cheap and is 
still used in large power installations where economics are an 
important factor. It is also an advantage in some applications to 
saturate the centre limb of the core independently of the action 
due to the control windings thereby introducing special charac- 
teristics which are sometimes useful. For example, relays 


Figure 2.10(a). Centre-limb type 
core construction for transductor, 
(b) Special type of lamination 
used by Milnes to obtain inde- 
pendent saturation of centre 
limb. 
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required to have special characteristics may be driven from such 
an arrangement. Independent saturation of the centre limb can 
be achieved either by splitting this limb into two as shown in 
Figure 2.106 and placing saturating windings WN, on the extra 
limbs *”, or by introducing an external flux from permanent 
magnets * (Chapter 10). 

In most cases, however, isolation of the centre limb is a disad- 
vantage giving rise to poor zero stability and a tendency for the 
core to become permanently polarized when a large input signal 
is applied. This arises from the fact that the fundamental com- 
ponents of alternating flux in the centre limb are balanced out 
and the peak to peak flux swing is comparatively small. The 
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demagnetizing effect provided by the a.c. flux components is not 
therefore so pronounced as if these components linked the centre 
limb. 

Probably the arrangements most commonly used for instrument 
amplifiers are those shown sectionally in Figure 2.11. In these 
the a.c. windings are wound separately on two closed cores, while 
the d.c. windings are wound jointly over both cores as shown. 
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Figure 2.11. Methods of double core construction. 


(a) H type cores. 
(6 and c) U type cores. 


These methods have the advantage of a large flux swing occurring 
in each core every cycle, thereby helping to remove any permanent 
polarization. In this arrangement “turn by turn ”’ cancellation 
of voltages occurs in the control windings. ‘This type of construc- 
tion is compact and has a good zero stability (Chapter 11), but is 
probably somewhat more expensive than the previous assemblies. 

The two alternatives in (a) and (0) are, in effect, identical, the 
former applying to # type cores and the latter to the U types. 
The last arrangement (c) has the disadvantage that the coupling* 
between the a.c. and d.c. windings is slightly less effective than 
in (a) and (b); this leads to inferior linearity at large outputs. 
Its advantage lies in the smaller mean length of turn for the 
control windings, with consequent reduction of resistance and 

* The fact that good coupling is required between the d.c. and a.c. windings 
should not be confused with previous statements that no coupling exists in the 


unsaturated state between these circuits. When one core is saturated the coupling 
between the a.c. and d.c. coils on the unsaturated core must be as tight as possible. 
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weight of copper for the same number of turns, or increased turns 
for the same resistance. 

Further details of core construction, etc., are discussed in 
Chapter 13. 


2.14 Control and Bias Windings 


- Variation of the transductor load current is effected by the total 
control ampere-turns linking the core. These may be supplied 
by one winding, or they may be the total effect of a number of 
windings. Thus the transductor may be used as a simple sum- 
ming device. This property is an advantage in many applications 
where the output quantity is required to be dependent upon the 
sum of a number of variables. For example in position servo 
mechanisms it is often desirable to feed in rate terms to stabilize 
the system. This is done by applying the appropriate signal to 
an additional control winding on the transductor (section 13.23). 

In particular, it is often necessary to bias the transductor to 
operate on a part of the characteristic which suits the particular 
application. ‘This may be done by applying a constant input to 
additional windings. The effect of bias is simply to shift the 
characteristics (Figures 2.4 and 2.8) to the left or to the right, 
depending upon the direction in which the bias is applied in 
relation to the main control signal. 


2.15 Summary 


In this chapter the transductor amplifier has been introduced 
as a device which amplifies by virtue of its action as an electrically 
controllable gate. During the first part of every half-cycle of the 
supply frequency the supply voltage appears across the trans- 
ductor, and for the remainder the voltage is applied to the load 
circuit. Increasing the control voltage reduces the gating period 
by causing the appropriate core to become saturated earlier in each 
half-cycle, thereby increasing the proportion of time for which the 
supply voltage is available to drive current through the load. 

If the transductor has no self-excitation then a state of ampere- 
turn balance exists between the control windings and the a.c. 
windings; this tends to make the transductor a device with con- 
stant current output. It has a high output impedance and a low 
input impedance and the power gain is limited, although the 
amplifier is linear. 

The power gain for a given power output and core size may be 
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increased considerably by the application of positive feedback or 
self-excitation. Under these circumstances the performance is 
dependent to a large extent on the permeability of the core. 

A more detailed and general examination of the transductor is 
made in Chapters 3, 4 and 5. This is done in order to establish 
the flux relations in the core, to understand the transient operation 
and to examine the effect of altermg some of the circuit parameters. 
An understanding of all these aspects is necessary in order to lead 
up to the more practical circuits in common use. 
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TRANSIENT AND STEADY-STATE OPERATION 
OF IDEALIZED TRANSDUCTORS 


TRANSIENT OPERATION OF TRANSDUCTORS WITHOUT 
SELF-EXCITATION 


N CHAPTER 2 a brief account of transductor action was given by 

way of introduction to the subject, and it is now proposed to 
consider the operation in greater detail in order to understand the 
physical mechanisms involved, and hence to obtain data which 
will be of use to the engineer in design. 


3.1 Simplification of the Magnetization Curve 


Papers published on magnetic amplifiers have shown that con- 
siderable advance can be made towards a better understanding of 
the subject if the core magnetization characteristic is assumed to 
be represented by three straight lines of the general form shown 
in Figure 3.1a. These assumptions therefore not only neglect the 
hysteresis effect discussed in Chapter 1 but also ignore the knee 
of the magnetization curve and assume that the slope changes 
abruptly. 

The characteristic is thus divided into distinct regions and, 
provided that the transductor continues to operate in one region, 
the equations are linear. When the values of m.m_.f. or flux cause 
the core to operate in a different region, a new set of equations 
must be used. 

Uno Lamm*™ has given a full account of three-phase transductor 
operation primarily based on the assumption that the slope of the 
characteristic is finite before and after saturation, giving a 
magnetization curve of the form shown in Figure 3.la. 

A similar approach has been adopted by Krabbe *”) for auto- 
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excited transductors. Both of the above treatments present a 
thorough picture of the mechanisms involved, but tend to be 
rather detailed for the unspecialized reader. ee ee 

Gale and Atkinson ° and others °°) analysed the transductor 
assuming the slope of the magnetization curve to be infinite before 
saturation and zero after saturation, giving a curve of the form 
shown in Figure 3.1b. These assumptions lead to a fairly clear 
physical picture of transductor operation, both in the transient 
and steady-state. The results of the analysis are not valid, however, 
when complete self-excitation is used. This is because infinite 
permeability implies zero magnetizing current which leads to 
infinite gain. 

Milnes *” utilizes flux waveforms derived on the assumption of 
infinite slope to the magnetization curve with additional assump- 
tions about the control circuit impedance. The current wave- 
forms are then deduced from the flux waveforms on the basis of 
a magnetization curve such as that shown in Figure 3.1c. Thus 
the magnetizing current is taken into account and useful relations 
are obtained for the case of a self-excited transductor. 

The above assumptions regarding the magnetic core are in 
general realistic for the high permeability nickel-irons and the 
agreement between theory and practice is good. Very often, 
however, the engineer may, on economic grounds, be forced to 
use silicon-iron cores having a comparatively low permeability and 
a less sharp knee to the magnetization curve. This occurs parti- 
cularly in large transductors giving outputs ranging from 100 watts 
up to several kilowatts. In these cases a knowledge of the 
general principles usually enables the engineer to assess the 
parameters with sufficient accuracy for practical purposes. 


3.2 Voltage-Time Integral 


The analysis given in this chapter is based on the flux changes 
which occur in the cores during the cycle, these are derived from 
the voltage waveforms, and for this reason it is necessary to 
appreciate the physical significance of the voltage-flux relations 
as discussed in Chapter 1. 

It was seen in section 1.5 that the total change of flux linking 
any coil is proportional to the area under the curve of induced 
voltage against time. | | 

A magnetic core may be considered as a storage element in 
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which the quantity stored, the flux, is dependent upon the voltage- 
time integral applied to a coil linking the core. 

In M.K.S. units the flux change is equal to the voltage-time 
integral per turn. 

~The conception of voltage-time integral when applied to an 
inductor is analogous to that of charge in a capacitor, where the 
total charge is given by the current-time integral. In the case of 


Figure 3.1. Various forms assumed for magnetization curve. 


an infinite inductance, i.e. a coil linking a core of infinite permea- 
bility, the current in the coil is always zero although the flux 
may assume any value up to saturation. 

~ In an iron-cored coil, the core of which saturates at a definite 
flux level, the total flux change is limited by saturation, and the 
voltage-time storage capacity of the core is therefore limited. 
Lamm * and Krabbe * refer to the voltage-time integral as 
degree of charge. They consider the core to be fully discharged 
when positive saturation is reached and fully charged at negative 
saturation. 
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If an iron-cored coil has a magnetization characteristic such as 
that shown in Figure 3.la, the flux at any instant is fixed by the 
value of the m.m.f. In the case of the hypothetical characteristic 
shown in Figure 3.1b, however, the only flux datum available is 
that value which corresponds to saturation. Suppose that, at a 
certain time, the core flux is at the positive saturation value then, 
if the m.m.f. is zero, the flux will remain at that value (in the 
absence of noise) until a negative voltage is applied to the coil. 
When such a voltage is applied the flux will decrease by an amount 
proportional to the integral of voltage with respect to time. Thus, 
although the fiux is indeterminate with respect to the m.m.f., a 
definite position on the curve may be established by considering 
the voltage-time integral. 

It may be noted here that the assumption of infinite permea- 
bility is not necessary in order to postulate that the flux stays at 
the saturation value in the absence of any m.m.f. Such a state 
of affairs is in fact realized to a large extent in many practical core 
materials, in particular those having a rectangular hysteresis loop 
of the form shown in Figures 1.2d and 3.1d. In this case, although 
the m.m.f. is reduced to zero, the remanent flux in the core is very 
nearly equal to the saturation value. With certain types of 
transductor having a fast response it is sometimes preferable to 
use a core having this characteristic (see Chapter 9). 


3.3. Basic Circuit Equations for a Simple Transductor 


The circuit variables with which we are primarily concerned 
are the core fluxes, the transductor voltages and the currents in 
the load and control circuits. During the steady-state operation 
of a transductor the circuit variables are, in general, changing 
cyclically at the frequency of the supply and the values are 
precisely the same at corresponding times in successive cycles. 
The behaviour of the transductor over one cycle of the supply is 
governed by the initial conditions at the beginning of the 
cycle and when a transductor is operating in the steady-state, 
the initial conditions are the same at the beginning of every 
cycle. © 

If a control signal voltage is suddenly applied to the input of 
a transductor which had previously settled down to a steady-state 
of operation then a new set of initial conditions is introduced. 
This causes a transient which may persist for several cycles before 
the transductor finally settles down to a different steady-state 
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condition, the final conditions of flux, voltage, etc., at the end of 
any one cycle determining the initial conditions at the commence- 
ment of the following cycle. The main purpose of this chapter is 
to investigate these transients, and this will be done for a full- 
wave transductor without self-excitation. 

A magnetization curve such as that shown in Figure 3.10 is 
assumed, and the equations employed at any instant depend 
upon the region of the magnetization curve in which the cores are 
operating. It is therefore necessary to know the times at which 
the transductor changes its zone of operation. 

When the transductor is operating in the infinite permeability 
region the change-over occurs when the flux in a core reaches, say, 
the positive saturation value 0, After this, the m.m.f. can 
increase, but no further flux change can occur in the positive 
direction. This state of affairs holds until the m.m-f. returns to 
zero, after which the operation is once again governed by the 
conditions applying to infinite permeability. 

The circuit which we are about to examine is shown in Figure 
3.2a. In addition to the assumption regarding the magnetization 
curve, it will also be assumed that iron losses, leakage inductance 
and self capacitance of windings are all negligible, the total 
control circuit resistance is lumped in R,, and the total resistance 
in the a.c. circuit is R,. 

The control voltage H, is considered to be positive, but the 
supply voltage #, changes sign every half-cycle. The turns on 
each control and a.c. winding are NV, and N, respectively, the 
connections to the a.c. windings on core B being reversed as 
shown. The arrows indicate positive values of the core fluxes d, 
and ¢, and when these fluxes change, e.m.f.s of magnitude e,, 
and €,, are induced in the a.c. coils, where 


d 
e4=N, . | y See 4B) 
d 
and Cp = —N, — in ee. ee) 


ee N N ; 
Similar voltages equal to T. é,, and — W. €., are induced in the 


control coils as shown. The flux changes occurring in cores A 
and B will be completely specified by the voltages e,, and e,, and 
in the following discussion our interest is primarily centred on 
these quantities, together with the control current 7, and the 
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rectified current |7,|, which in this case corresponds to the load 
current. 

since there are two possible states for each core, either saturated 
or unsaturated, there are four possible conditions under which the 
circuit can operate. Equivalent circuits corresponding to each 
of these conditions are shown in Figures 3.2b to e. 

(i) Both cores unsaturated. Figure 3.2b is the equivalent. circuit 
when both cores are unsaturated. The a.c. and control circuit 
resistances are assumed to be negligibly small when compared 
with the corresponding reactances. The control voltage #, and 
the supply voltage H, are therefore ep peied cman by flux 
changes in the coils. 

In the absence of any control voltage, e,, ‘and €,, Will each be 
equal in magnitude and sign to half the supply voltage. On 
positive half-cycles the flux in core A will be increasing while that 
in core B will be decreasing, and on negative half-cycles 4, 
increases and d, decreases. When asmall positive control voltage 
EH, is applied to the control circuit, e,, becomes slightly more 
positive while e,, becomes slightly less — Ree: Thus from 
equations 5 and 6, Appendix 1, aes oe | 


3) 
Bs SN ot a ce H Ng - . ees 3.4} 


The rate of increase of the flux ¢, is therefore greater than the 
rate of decrease of 4, in the presence of a positive control voltage: 
There are therefore two rates of flux change applicable to either 
core; the algebraic value of these will be denoted by ub, and we: 
The quantity %, is for increasing flux and applies to core A on 
positive half-cycles and core B on negative half-cycles of supply 
voltage ; while %, is for decreasing flux and applies to core B on 
positive half-cycles and core A on negative half-cycles. It. is 
shown in Appendix 1 that in general when both cores are 


unsaturated , 
|Z,| 


Fe oe 
#1 = oN 2N , oe 
i, |Z,| a 

v2 = oN.” ON, (3-6) 
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also 23 a0 eo Se . (BEF) 
and t= 10 ~ . « (3.8) 


The results show that when a positive control voltage HL, is 
applied and both cores are unsaturated the rate of increase of 
flux is greater than the rate of decrease by an amount y- 

¢ 

(ii) and (iii) One core saturated. Assuming that eventually the 
flux increase in one of the cores is sufficient to cause saturation in 
the positive direction then this will occur in core A during positive 
half-cycles and core B during negative half-cycles. Let us first 
consider that core A saturates. The coils on this core are assumed 
to have zero impedance when this occurs and the equivalent 
circuit is therefore as shown in Figure 3.2c. 

The coils on core B are now mutually coupled so that although 
the m.m.f. in core B is zero, the control current and the load 
current suddenly assume finite values, since this inductor is acting 
like a transformer with finite primary and secondary impedances. 
This is therefore known as the conducting period. The control 
current and the load current will each consist of two components, 
one due to the control voltage and the other due to the supply 
voltage. The latter component will be positive. 

The induced voltage e,, will also be modified due to saturation 


of core A. The control circuit resistance &, may be referred to the 
2 


a.c. circuit as R (shown dotted in Figure 3.2c) and if A, is 


Na 
¢ NR" 
small, only a small proportion of the supply voltage will appear 
across the coil. The flux changes in the unsaturated core will 
therefore be considerably reduced during the conducting period. 
This brings out the important point that when one core saturates, 
a discontinuity occurs in the flux relations for the unsaturated 
core, the discontinuity becoming more pronounced as #, tends to 
Zero. 

It is worth noting, however, that in the special case where the 
referred resistance is equal to the a.c. circuit resistance no sudden 
change of induced voltage occurs in one coil when the core of the 
other coil saturates, since before and after a core saturates half 
the applied voltages will be supported across the coils on the 

nsaturated core. 

* The current tq is normally rectified and the circuit relations are therefore 
expressed in terms of |¢q|, the modulus sign indicating rectification. 
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' The same reasoning applies to the circuit in Figure 3.2d in which 
core B has saturated during a negative half-cycle. The component 
of control current induced from the a.c. supply is positive as 
before. This is because although the supply voltage H, has 
changed sign so also are the connections to the a.c. coil reversed. 

It is shown in Appendix 1 (equations 16-19) that when either 

core is saturated (Figures 3.2c and d) the alternating current 7, 
and the control current 2, are given by the following relations 
where the upper signs refer to core A being saturated (positive 
half-cycles) and the lower signs to core B being saturated (negative 


half-cycles) thus: 

=| tale oe. (8.9) 
re i as E E, taal -.. (8.10) 
where ys ae (3.11) 


It was also shown in Chapter 2 that the quantity y is equal to the 
circuit power amplification G,, for the special case of a trans- 
ductor without self-excitation. Each current consists of a 
component due to the control voltage and one duc to the supply 
voltage. Furthermore, since #,, changes sign every half-cycle the 
value of 2, is always positive while 7, changes sign every half-cycle 
with #,. 

If it can be assumed that a core desaturates when the supply 
voltage changes sign,* then by considering numerical values for 
1, and z, equations 3.9 and 3.10 may be expressed in the general 
form 


’ — ae Se Se lz ‘2 19 
A 4 1 -| N, -|- Z| R, . ° ‘ (3. 2) 
. 1 AR ‘ 1 (3.13) 
= Tae’ ye hee 


The m.m.f. in the unsaturated core is equal to the numerical 
difference between the control ampere-turns and the a.c. ampere- 


* This is true for a square wave of supply voltage which is discussed in the 
following section. It is also very nearly true for a sine wave, but slight errors 
are introduced at the end of the half-cycle when |H.a| becomes smaller than 


EcNa|Ne. 
sy) 
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turns (see Figures 3.2c andd). The total m.m-.f., however, must 
be zero since the core is unsaturated and fherefors ae 


tN SANG “ae. fa Se 8.14) 

The voltage induced in the a.c. coil on the unsaturated core is 
given by equations 13 and 14, Appendix 1, thus | 

E ra — Na Y xan 
Ley oN, ey 
where the upper signs refer to é,, (core A being saturated), ‘while 
the lower signs refer to e,4 (core B being saturated). When the 
circuit power gain G, =y is large the component due fo the 
supply voltage #, is considerably reduced. 

The rate of flux change over this period (one core saturated) 
will be denoted by %, and therefore, on the same assumption as 
those applying to 3.12 and 3.13 during the conducting period, 
when one core is saturated the rate of uae change in the un- 
saturated core is 

b= le _|#,| _ 1 a (G18) 
+y N,1+y 7 

It will by now be evident that a given set of equations applies 
only to a specific state of operation, e.g. core A saturated, core B 
unsaturated. The conditions determining the times of change 
from one state of operation to another are governed by the fluxes 
and m.m.f.s. Thus assuming both cores to be unsaturated 
initially, equations 3.5, 3.6, 3.7 and 3.8 apply: as soon as the flux 
in either core reaches positive saturation then equations 3.12, 3.138 
and 3.16 will be applicable until the m.m-f. in the saturated core 
returns to zero. This m.m.f. is equal to. 

WV, + |t4|Na- ee 

But since the control m.m.f. is equal to the a.c. m.m-f. dé i 

ampere-turn balance in the unsaturated core (equation 3.14) the 

m.m.f. in the saturated core will be 2|i,|N,; this becomes zero 

when the load current, i.e. the current in the a.c. windings, is 

zero. Therefore the time of desaturation is fixed by oe condition 
==). 

* Gy) Both cores saturated. This mode of operation i is Speen 
by the equivalent circuit in Figure 3.2e. It arises in practice when 
the control source has a high impedance (section 3.9). In this 
case the currents in the control and load circuits are independent, 
each being determined by the individual circuit parameters. 
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3.4 Response to Step Function Voltage Signal 


The results of the previous section will now be used to investi- 
gate the transients arising when a control voltage is suddenly 
applied to the control circuit. 

The following discussion will be simplified by making the core 
fluxes linear functions of time rather than sinusoidal functions. 
This is done by using a supply voltage which is a square wave of 
height H,, while the control signal is a constant direct voltage EL, 
applied to the control circuit at a definite time. By considering 
the circuit to be operating under these conditions, a graphical 
representation is considerably simplified while all the salient 
features are retained. 

Referring to Figures 3. 3a, b, c and d, over the period 0 to 7' the 
control voltage (3.3b) is zero. The induced voltages are plotted as 
€,4 and —e,,. These are symmetrical about the time axis and 
equal in magnitude to half the supply voltage. The shaded areas 
under the voltage time curves in Figures 3.3c and d are propor- 
tional to the changes in the fluxes 4, and ¢ , respectively. The 
flux waveforms are triangular and vary within the saturation 
limits, prior to the application of a control voltage. The rates of 
change of flux reverse at the end of every half-cycle when the 
supply voltage reverses (Figure 3.3¢e). The first two half-cycles 
define the steady-state operation for #, = 0, in which case the 
rate at which the flux in either core increases is precisely the same 
as the rate at which it decreases. 

At a certain instant of time, chosen for convenience as ¢t = 7’. 
say, a positive control voltage H£, is applied to the control circuit, 
When this occurs the induced voltages e,, and — e,, immediately 
become asymmetrical, the positive areas increasing and the 
negative areas decreasing ; these voltages are now given by 
equations 3.3 and 3.4. The flux waveforms are modified and the 
rates of increase %, become slightly greater, while the rates of 
decrease ys, are correspondingly reduced with the result that the 


Pa + Pz 
2 


mean flux level, defined by ¢) = and shown chain- 


dotted, is progressively raised a small amount in each half-cycle. 

This ultimately results in one core (core A, say) reaching the 
saturation level at a time t,,, Figure 3.3e. At this point the mode 
of operation changes, the flux in core A now remains constant 
at the saturation value ®, while that in core B commences to 
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change at the new rate us, in accordance with the modified value 
of €,, given in equation 3.15 and shown in Figure 3.3d. | 

This state of affairs corresponds to the period of conduction 
during which the state of core A is determined by the m.m.f. Fy. 
The coils on core B provide mutual coupling between the a.c. 
circuit and the control circuit and the currents 7, and 7, in these 
circuits suddenly increase to values given by equations 3.9 and 3.10. 

The magnitude of the current in the a.c. circuit is proportional 
to the alternating ampere-turns 7,N ,, this is plotted in Figure 3.3f. 
The control ampere-turns 72,N, are plotted in Figure 3.39. 
The core m.m.f.s f, and /#’, which are equal to the sum and 
difference of the a.c. and control ampere-turns respectively are 
plotted in Figures 3.3h and j, thus 


F,=tN, +4N, 
and Fz, =1tN,—1N. 


The conducting period which commenced at ¢,, lasts until the 
m.m.f. F, in the saturated core becomes zero and it has been 
shown that this occurs when 7, = 0. In the case of square wave 
excitation this occurs at the end of the half-cycle of supply 
voltage, but with sine wave excitation desaturation may occur 
just after the end of the half-cycle when considering idealized 
cores (see section 3.5). 

When the supply voltage #, goes negative at time é), the flux 
in core A starts decreasing while that in core B starts increasing 
from the value ¢g,, and since both cores are unsaturated the rates 
of flux change are equal to %, and ib, respectively. During the 
time interval from fg, to t,2 both cores are unsaturated so that the 
current in the a.c. windings 7, and the control current 7, are both 
zero. 

This persists until core B saturates at a point t,, slightly earlier 
than the corresponding point ¢,, in the previous half-cycle. 

In any half-cycle, the rate of increase of flux is constant, 
provided the control voltage is constant, and therefore the time 
at which a core saturates depends upon the initial flux in that core 
at the beginning of the half-cycle (e.g. $91, dea dam—1), Pan: ete.). 
Similarly the rate of decrease of flux is constant and therefore the 
flux values in the unsaturated core at the beginning of conduction 
(e.g. b54, ggg, etc.) depend only upon the time at which conduction 
starts. 

The initial flux ¢g,,_1)in the nth half-cycle is the final flux in 
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the unsaturated core at the end of the (n — 1)th half-cycle and 
examination of the diagram in Pigure 3.3e shows that dgn_1) 
depends upon ¢,,-1) Which in turn depends upon the time at 
which conduction starts in the (n — 1)th half-cycle. 

This leads to the important conclusion that the unsaturated 
core gives the transductor a “ memory ”’ effect so that the events 
occurring in any half-cycle are directly influenced by the events 
which occurred in the previous half-cycle. Thus, reading from 
the Figure, ¢,, determines $91, ¢g; determines ¢,, which determines 
dag and so on. It follows, therefore, that the duration of the 
conducting period £,, in the nth half-cycle is determined by the 
magnitude of f,,_ 3. 

It can be seen from Figure 3.3e that in the particular case 
shown there is a finite delay period consisting of a few half-cycles, 
before any output appears. This is because the initial flux swing 
was insufficient to saturate the core for small signal voltages and 
the first conducting period did not occur until the mean flux level 
had increased to some value ®, such that saturation could occur 
in part of the cycle. 

Normally transductors operate with a peak to peak flux swing 
which just fails to saturate the cores in the absence of a control 
voltage and the mean supply voltage H,, necessary to ensure this 
has been defined in Chapter 2. Otherwise the supply voltage E, 
is some factor K of the saturation value where 


E, ae KE,, 


In the present case K can only be equal to or less than unity 
and is given by 


@ 


— @® 
K =—*——* (see also section 3.13). 
gs 


When dealing with transients the initial delay period is removed 
if K = 1, thereby ensuring that saturation occurs in the first half- 
cycle after application of a signal (Mgure 3.4). 

After the first half-cycle, the time of saturation ¢, occurs at an 
increasingly early stage in each subsequent half-cycle until 
ultimately a steady-state is reached in which the total decrease 
of flux in one core over a half-cycle is equal to the total increase 
of flux in the other core. A study of Figure 3.3e shows that this 
mechanism is entirely dependent upon the rates of flux change 
w,, w,. and #5. The last of these is the only one dependent upon 
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——* rime 


Figure 3.4. Build up of core fluxes when initial peak to peak flux = 2 Os. 
(a) Supply voltage. (6) Control voltage. (c) Core fluxes. (d) Load current. 


the circuit gain y (equation 3.16) and hence %, can have any value 
independently of #4, and %,. Thus, if 4, were zero, a steady-state 
would never be reached because, since the rate of increase ys, is 
greater than the rate of decrease #, a net increase of mean flux 
must always occur over each half-cycle until the transductor is 
completely saturated the whole time. It follows that as the 
magnitude of the slope 4, decreases the response becomes slower. 

When the magnitude of %, is small it implies a large power gain 
y and hence transductors having a large power gain also have a 
long time constant. The relationship between power gain and 
response time can be obtained analytically as follows. 

The total change of flux over any time interval may be written : 
(final flux) = (initial flux) + (% x time interval), where ¢ is the 
appropriate rate of flux-change over that particular interval. 
Referring to Figure 3.4c this relation may therefore be applied to 
core B in the first half-cycle ending at time fg, = T'/2 


or =O, + da (5 — Br) bya... (8.17) 


and for the same core in the following half-cycle. 


oda t (ZB)... as 


These expressions for 6, and §, relate the duration of the conduct- 
ing period in the second half-cycle to the duration of conduction 
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in the first half-cycle. If this is done for the nth half-cycle it is 
possible to build up a sequence of terms in which the nth term is 
found to be a function of the first term, the circuit constants 
and the value of x. From this one may obtain the steady-state 
mean load current and the time constant which is defined as the 
time elapse after switching on before the mean load current 


] 
reaches a value ( — ; of the steady value, where e is the base 


of natural logarithms. 
This is done in Appendix 2, where it is shown that in the steady- 
state 


HN N 
ss ete aa ee : iation 2.6 i. x. MS ol 
ae te ra (cf. equation ) i a 
and the time constant 
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1 | 
Putting y = — the logarithmic terms may be expanded as a 


series which shows that as y increases, the relation between the 
time-constant and power gain approaches the linear form given by 


x 

a’. b 4 we iee2)) 
Thus for large values of power gain the simpler expression for 

the time constant is valid. Both equations show that at a given 

supply frequency the time constant is uniquely determined by 

the circuit power gain. If the response time is expressed as a 

number of cycles then the term in f disappears. 


3.0 Sine Wave Supply Voltage 


The same principles as those applying to a transductor excited 
with square waves are true for any waveform of voltage, the most 
usual combinations being a unidirectional step voltage input and 
a sine wave supply voltage, the analysis of the transient state 
using this combination is somewhat difficult, however, and a simple 
general expression for the time constant such as that obtained 
for the case of square waves is not readily derived. 
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In the case of sinusoidal excitation, the component of flux 
variation due to the control voltage varies linearly with time 
while the component due to the supply voltage varies as a cosine 
wave with time. This leads to fairly simple expressions for 
w1, vw, and ws, but they do not readily lend themselves to the 
formation of a simple sequence. The case of sine wave excitation 
has been considered by Ramey), but the signal #, is assumed 
to be a rectified sine wave of the same frequency and phase as the 
supply voltage. The expression for the time constant is derived 
for one particular value of the input signal, and in this case 
the result is the same as that obtained for square waves in 
Appendix 2. 

When the supply voltage is sinusoidal the flux relations are no 
longer linear but cosine and linear functions of time superimposed. 
The equations applying to these conditions are given in Appendix 3 
and the corresponding waveforms showing the transient response 
are plotted in Figure 3.5. From these curves it is seen that, in 
common with the square wave case, the unsaturated core exhibits 
a discontinuity in the flux-time curve at the beginning of the 
conducting period. This discontinuity causes the unsaturated 
core to have a “‘ memory ”’ which influences its time of saturation 
in the following half-cycle, thereby causing the gradual build-up 
to a steady-state. It should also be noted that the cores do not 
come out of saturation until a short time after the end of the half- 
cycle. A core desaturates when the current 7, in the a.c. coil is 
zero. This current is due to two components of e.m.f. (equa- 
tion 3.9) and it will not, therefore, be zero until the total e.m.f. 
which causes it is zero. 

This occurs when the component due to the supply voltage 
just cancels the component due to the control voltage, and since 


7 


HN 

these components are proportional to #, sin wt and ° W “, the 
c 

desaturation time may be represented graphically as in Figure 


3.5a. The intersection between the sine wave and the lower 


Na 


and upper horizontal lines defines the times of desaturation 


c 


for positive and negative conducting periods respectively. 

In practice not much error is involved if it is assumed that the 
core desaturates at the end of the half-cycle, particularly in cases 
where the gain is large. 
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STEADY-STATE WAVEFORMS 


3.6 Derivation of Voltage Waveforms 

The waveform of the steady-state current in the a.c. coils can 
be derived by determining the instantaneous induced voltage e, 
across the a.c. windings and subtracting it from the supply 
voltage. This gives the voltage applied to the circuit resistance 
R, and is proportional to the load current. 

The total voltage e, across the transductor (Figure 3.2a) is 
always equal to the sum of the induced voltages in the a.c. coils 
thus: 

€, = 6:4 + ep - . . (3.22) 
where e,, and é,, are given in equations 3.3, 3.4 and 3.15, 

When both cores are unsaturated the transductor voltage is 

equal to the supply voltage, i.e. 


e, = Hsin wt s. ca $ A828) 


When core A saturates no flux change can occur in this core 
and therefore e,, = 0 so that 


Cp == Cie - . « (3,24) 
similarly whenever core B is saturated e,, = 0 and 
es = CA ° ° e (3.25) 


The waveforms of current and voltage are dependent upon the 
ratio of the control circuit resistance to the (control turns)?, Le. 
R,/N;. If this is very high, the fourth mode of operation is intro- 
duced in place of the mode corresponding to both cores being 
unsaturated. In most practical applications the impedance of 
the control circuit is not sufficiently high to cause this mode of 
operation ; there are, however, a few exceptions and we will 
therefore consider the effects of operating the transductor at 
three different values of control circuit impedance. 


3.7 Waveforms when £,/N? is Small 


When the control circuit impedance is small for a given number 
of control turns, it is presumed that the control voltage is also 
small in order to maintain a finite control current. In these cir- 
cumstances both coil voltages are zero whenever either core is 
saturated, because in one core the flux is constant at the saturation 
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value while in the other core flux changes are completely opposed. 
due to the fact that the control circuit impedance is virtually a 
short circuit (see section 1.2). (This is also evident from equa- 
tion 3.16, a small value of R,/N? corresponds to a large circuit 
power gain y and if y is made very large and the control voltage 
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Figure 3.6. Steady-state voltage, current and flux waveforms for R, and EH, 
very small. 


(a) and (6) Individual coil voltages e74 and ez. 
(c) Transductor voltage e. 

(d) Load voltage tg Ra. 

(e) Core fluxes. 


(f) Control current x ar Rg. 
Na 
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very small, only a negligible voltage will be induced in the a.c. 
windings of the unsaturated core during the conducting period.) 

The waveform of transductor voltage e, is shown by the full-line 
curve in figure 3.6c; it follows the curve of supply voltage until 
core A saturates at i,, after which the transductor voltage drops 
to zero and the supply voltage is transferred to the total circuit 
resistance R, until the end of the conducting period. 

The voltages e,, and e,p across the a.c. coils are each equal to 
se, and are shown in Figures 3.6a and 6. The magnitude of 
the load voltage is represented by the shaded area under the 
dotted line in Figure 3.6c, being the difference between the 
supply voltage and the transductor voltage. This is in fact the 
resistive voltage drop e, =1,h, which is plotted in Figure 3.6d. 
The time of desaturation is defined by the condition +, = 0 which 
therefore fixes the duration of the conducting period and enables 
the flux waveforms to be drawn (Figure 3.6e). The control 


N 
current plotted in Figure 3.6f is scaled up by the factor Rf, ma 


a 


for direct comparison with the load current plotted as 7,4, in 
Figure 3.6d. In the present case, desaturation occurs at the end 
of the half-cycle of supply voltage. 

These were the conditions considered in Chapter 2. It is of 
interest to note from the flux waveforms that the rates of flux 
change #, and w, are equal and that y, is nearly zero; this 
implies a very long time constant corresponding as it does to a 
large circuit power gain. 


3.8 Waveforms when Using an Intermediate Value of Control Circuit 
Impedance 
Let us now consider a value of control circuit resistance such 
R R : et. Oe : : 
that We == -~< which corresponds to a circuit power gain of unity. 


— N? 
Once again so long as both cores are unsaturated the voltage 
across the transductor is equal to the supply voltage thus : 
e, = HE, sin wt 
Core A saturates during positive half-cycles and since in this 
case the ratio y is equal to unity it is seen from equations 3.15 and 
3.24 that f EN, ; 


a 
€, =p = oS sin wl — oN 
c 


This is shown in Figure 3.76. 


. (3.26) 
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Figure 3.7. Waveforms showing steady-state operation of a transductor for 
which Re] N*e = Ral Na. 
(a) and (6) Individual coil voltages e¢4 and e¢B. 
(c) Transductor voltage e;. 
(2) Load voltage tq Rg. 
(e) Core fluxes. 
(f) Control current x Ra Ne/Na. 


Similarly when core B saturates during negative half-cycles 


: EN 


3.27 
2 2N \ 


C 


as shown in Figure 3.7a. . 

The waveforms shown in Figure 3.7a and 6 therefore 
represent the voltages across each coil, the zero line for each of 
these voltages is displaced from the true mean of the sine wave 

EN, 


— c 
by amounts 7 oN” 
ZN, 
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As before, the intersections between the displaced sine-wave 
and the zero line give the times of desaturation, and since the total 
flux change linking any one coil must be zero over a complete 
cycle the shaded areas must be equal about the zero lines. 

The sum of the individual coil voltages gives the total trans- 
ductor voltage at all times, this is shown as the full-line curve in 
Figure 3.7¢ where the curve of supply voltage is shown (partly 
dotted). Up to saturation, the curve of supply voltage defines 
the transductor voltage. When core A saturates at a time corre- 
sponding to ¢t, the transductor voltage switches to the new value 
given in equation 3.26. The output voltage is the difference 
between the supply voltage and the transductor voltage and is 
defined by the shaded area which is proportional to the load 
current shown in Figure 3.7d. Desaturation occurs at tg when 
the load current decreases to zero and once again the whole of 
the supply voltage is developed across the transductor until 
core B saturates and so on. The fluxes ¢d, and 4, are shown in 
Figure 3.7e; they are proportional to the areas under the voltage 


curves for e,, and e,, respectively. The condition corresponding 
: Gocacs eaths . Na 
to unity circuit power gain is that in which re = Rf, and in 
c 


this particular case, since y = 1, it is seen from equations 3.6 
and 3.16 that the flux rate %,, applicable to conducting 
periods, is equal to the flux rate ,, which applies to non-conduct- 
ing periods. It therefore follows that no discontinuity occurs to the 
flux changes in the unsaturated core at the beginning of con- 
duction. Therefore nothing happens to the unsaturated core to 
indicate saturation of the other core and since there is no 
“memory ”’ effect the duration of a conducting period is indepen- 
dent of the duration of the previous conducting period. The 
device therefore, only requires one half-cycle to reach its steady- 
state. The power amplification, however, is unity. In this case 
also the control ampere-turns are equal to the load ampere-turns 
during the conducting period. 


3.9 Waveforms when Using a High Value of £,/N? 

A high impedance control circuit can be achieved either by 
means of series resistance in the control circuit or by series 
inductance. In the former case the circuit power gain is con- 
siderably less than unity due to the losses in the control circuit, 
while in the latter case, although the power gain may be appre- 
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ciable the presence of the inductance gives the control circuit 
a large time constant. Transductors may be used as d.c. current 
transformers for metering purposes (see Chapter 14), in which 
case the control coil consists of one turn formed by a bus-bar 
which passes through the space on the core normally occupied 
by a control winding. Although the resistance of the bus-bar 
is generally small, the ratio of resistance to inductance is very 
large since there is only one turn whose mean length is very 
many times greater than that normally encountered. This 
case, therefore, corresponds to a transductor having a high ratio 
of control circuit resistance to (control turns)?, and as it is of some 
interest in practice the mode of operation will be described 
briefly. 

When the control circuit resistance is large the control source 
may be looked upon as a constant current source, thus 
=-i,=— & te. 2h AoeeS) 


te 


substituting this in equation 3.15 gives the induced voltage 


a, Me: a Me BY e4 
slay aay NG 
also when the control circuit resistance R, is large the circuit power 
gain y is small compared with unity therefore the induced voltage 
in the coil on the unsaturated core is 
_i,B,N, | R, W? 
| i N, (by putting y se xe) 


c 


€ip OF C14 


so that when core A is saturated the transductor voltage is 


| Le N 
e = ey = By — 8 (Figure 3.8b) . . . (3.29) 


a 


and when core B is saturated 


DAVIN. gt 
6, So =. +a, —~ (Figure 3.82) t « «2 Bee 
Since the resistance in the control circuit is large, the control 
current is determined by the control voltage and is always 
constant at the value 7,.. The instantaneous e.m.f. supported by 
the a.c. circuit resistance #, during the conducting period is 


aN, 


E,—¢,; andthisis + . R,, the sign depending upon which 


a 
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core is saturated. It is now important to note two points : 


(a) When one of the cores is saturated the a.c. winding on 
the unsaturated core has an effective impedance in the 
a.c. circuit which is due to its own inductance in parallel 
with the referred resistance from the control circuit 
(Figures 3.2 cand d). The former has been assumed infinite 
and the latter very large. Therefore, when one core is 
saturated, the current in the a.c. winding will be maintained 
at a constant value by the very large inductance of this 
winding. 

(6) The m.m.f.s in the cores A and B are: 

Fy, =1tN,+21,N, 
and Fz =1,N, —1,N, respectively. 
The control current is always finite and constant and since 
an infinitesimal m.m.f. will cause saturation, 4 and /’, can 
never both be zero simultaneously and hence both cores 
can never be unsaturated together. 


Therefore in this particular case there must exist another mode 
of operation to enable the current in the a.c. windings to switch 
aN. aN , 

Na 
the mode where both cores are saturated, in which case, of course, 
the two circuits are isolated from one another and the conditions 
are governed by the voltages and currents in the individual 
circuits (figure 3.2e). 

When the control current is very small the output voltage is 
rectangular and changes sign when the supply voltage is at a 
maximum or a minimum. As the control current increases the 
amplitude of the square wave of output voltage increases, always 
tN 
Ny 
turns 7,N, balance the control ampere-turns 7,N,. ‘Toward the 
upper end of the characteristic the square wave gradually becomes 
sinusoidal as shown in Figures 3.8g to l. Over the first part 
of the characteristic, saturation of one core coincides with 
desaturation of the other, both cores never being unsaturated 
together. Figures 3.8a and 6b show the voltage waveforms 
existing across the individual windings. ‘The zero lines are 


once every half-cycle. This corresponds to 


c 


being equal to R,. Thus as in other cases the load ampere- 


+ 


displaced by amounts equal to sae f&, and the positive and 


a 


69 


The Theory and Design of Magnetic Amplifiers 


¢ 


Lr 7 AM 
Hyd 


saturated |saturated 


Figure 3.8. Waveforms showing steady-state operation when control circuit 
impedance is large. (a) to (f) small control current ; (g) to (1) large control 
current. (a) and (g) e¢4, (b) and (h) e¢p, (c) and (4) transductor voltage, (d) 
and (7) load voltage, (e) and (k) core fluxes, (f) and (/) control current 

Ne 


x fay 
negative shaded areas which define the flux changes are equal. 
The total transductor voltage e, is equal to e,4 4- e,n and is shown 
in Figure 3.8c. 

When the control current is large the waveform of the voltages 
across each coil are shown in Figures 3.8g and h. It may be 
seen by comparison with (a) and (6) that as the period during 
which a core is unsaturated decreases there must come a time 
when both cores are simultaneously in the saturated state for an 
appreciable interval. 

The shaded areas in Figure 3.8¢ and 7 denote the magnitude 
of the output voltage which is at any instant equal to the 
difference between the transductor voltage and the supply voltage. 
The output voltage is plotted to its own appropriate zero line in 
Figures 3.8d and j. 


70 


Operation of Idealized Transductors 


These two sets of diagrams show how the transition occurs 
between the square wave of load voltage and the final sine wave 
which must apply when complete saturation is reached. 

The two extreme conditions of high and low control circuit 
impedance, discussed in this section and section 3.7, have been 
referred to as forced and natural magnetization respectively. 
In general the core m.m.f.s contain both odd and even harmonic 
components, the even harmonics are contributed by the current 
flowing in the control winding while the odd harmonics are due 
to the load current. If the control circuit has a low impedance 
the even harmonics of current can circulate freely; this condition 
has been termed natural magnetization. If the control circuit 
impedance is high the even harmonics, all of which flow in the 
control circuit, are blocked, and the coil voltages are distorted 
to contain even harmonic components; this is known as forced 
magnetization. Even harmonic distortion of the coil voltages 
€é,4 and é€,3 may be seen in igure 3.8 where the conditions of 
forced magnetization apply. In the case for a low impedance 
control circuit (igure 3.6) each coil voltage contains only odd 
harmonics. 

It should be noted that the conditions of forced magnetiza- 
tion are applicable if a large choke is placed in the control circuit. 
In this case a power gain is achieved but the choke gives rise to 
delayed growth of control current. 


3.10 Reasons for Limited Gain and Response Time 


Returning to the low impedance control circuit and the wave- 
forms in Figures 3.3 and 3.5, it has been shown that over the 
conducting period two significant conditions arise. Firstly a 
comparatively large pulse of control current is drawn from the 
signal source to maintain ampere-turn balance between the mean 
current in the a.c. windings and the control current. Secondly, 
the rate of flux change in the unsaturated core is modified during 
the conducting period, thus implying that the final flux at the 
end of the conduction is a measure of the duration of conduction. 
This final flux is the initial flux for the following cycle and there- 
fore the performance in one cycle depends upon the conditions in 
the previous cycle, thereby giving rise to a cycle by cycle growth 
of the output to a steady-state condition. 

The pulses of current in the control circuit are, in a sense, 
an unnecessary drain of energy from the control source which 
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inevitably limits the amplification. ‘The mean control current 
in the steady-state is determined only by the control voltage 
and the circuit resistance. The magnetizing effect of a large 
proportion of this current, however, is opposed by the load 
current and only an infinitesimally small amount. actually 
produces a change in the mean flux ¢,. The control voltage 
is therefore much larger than that which would be required 
to produce the same flux change if all the control current were 
available to magnetize the core. 

Thus the limited power gain combined with a response time 
extending over several cycles are both disadvantages arising from 
the fact that a period of coupling occurs between the control 
circuit and the load circuit during each cycle. It will be shown in 
Chapter 4 that this coupling, via the cores, may be regarded as a 
negative feedback over the basic transductor circuit. The latter 
will be shown to have a high gain which is dependent upon the 
core properties. This inherent negative feedback, however, 
makes the overall gain small and the transductor linear and 
independent of the core properties as shown. 


PRINCIPLES OF SELF-EHXCITATION 
3.11 Self-Excitation 


The energy drawn from the control source during a conducting 
period can be supplied partly or wholly from the main power 
source by using self-excitation. ‘This is a form of positive feed- 
back whereby the load current is rectified and made to flow in 
feedback windings similarly disposed to the control windings as 
shown in Figure 3.9a. The pulses of control current are demanded 
during the conducting period which is the time when the load 
current also flows as similar pulses. This process was in fact 
originally termed positive feedback, but self-excitation is now 
almost universally accepted as being preferable. 

The circuit in Fgure 3.9a is complicated by the presence of 
the self-excitation rectifier. In certain circumstances it is pos- 
sible for the point MZ to become positive in relation to N in which 
case all four arms of the bridge become conducting and the cur- 
rent fed back 7, is not equal to the current in the a.c. coils 7,. 
This effect has important repercussions on the time constant, 
particularly in the practical case of a core with finite permeability ; 
it will be discussed in Chapter 8. Meanwhile the simple case will 
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be considered on the basis of a paper by Gale and Atkinson. 
It will be assumed that the rectifiers act as a simple switch in which 
arms MH and JN are conducting when 7, is positive, and arms 
HN and MJ conduct when i, is negative. It will also be assumed 
that the rectifier is ideal, that is to say, when it is conducting its 
resistance is zero and when non-conducting the resistance is infinite. 

Under normal operating conditions, both the control current 
and the self-exciting current flow in such a direction as to assist 
one another. Ifthe sign of the control current is reversed, how- 
ever, then the self-exciting current i, will oppose it and the gain 
will be reduced. Thus the amplifier will be sensitive to the signal 
polarity. 

The relations between the circuit variables will now be deter- 
mined for the case of a positive control voltage suddenly applied 
to the control windings. Considering the various possible modes 
of operation we have firstly the case when both cores are un- 
saturated. 

The control windings and the self-exciting windings are both 
opposed to the a.c. windings, therefore the a.c. windings will 
not be coupled either to the control windings or the self-exciting 
windings. There will, however, be coupling between the latter 
pair of windings. This state of affairs can be represented by the 
equivalent circuit in Figure 3.9) in which the a.c. windings are 
not coupled to any other windings while the self-exciting windings 
are coupled to the control windings through a linear inductance 
in which the core flux is 64 + $3 as shown. 

There are now three components of induced e.m.f. supporting 
the supply voltage ; the induced e.m.f.s e,, and e,, across each 
a.c. winding, and the induced voltage e, across the self-exciting 
windings (as before the load impedance is neglected during un- 
saturated periods). The control circuit resistance is small com- 
pared with the reactances, however, and therefore the component 
of voltage e, will be small compared with e,, and e,, ; thus 


By = 44 +e = NA ee oe CSL) 
Considering the control circuit, if the control voltage is increased 
from zero to a positive value, a voltage will be induced across the 
self-exciting windings which tends to drive a current through the 
rectifier from N to M. This current cannot flow, however, since 
the rectifiers MJ and HN are cut off and therefore have infinite 
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resistance. Under these conditions the impedance of the self- 
exciting circuit as seen from the control circuit is very large 
and the equation for the control circuit during non-conducting 
periods will be the same as for the unself-excited transductor 
thus : 


| 4 N, 
By = NSA EOP eis) + (882 


The load current and the control current are zero over this 
period, as in the case of the transductor without self-excitation. 
Therefore, provided the assumptions are valid, the operation of 
the self-excited transductor is the same as that of the simple 
transductor during the non-conducting period, and the values 
already calculated for the rates of increase and decrease, of 
flux, %, and ws, in equations (3.5) and (3.6), are applicable to the 
present case. | 

The second mode of operation corresponds to that in which 
one of the cores is saturated (core A, say). Since core A is saturated 
all the coils on this core may be represented as short circuits. 
The equivalent circuit for this mode is shown in Figure 3.9c. 

In this case the self-exciting turns N, are opposed to the a.c. 
turns NV, on the unsaturated core, and since the same current 
flows through both windings, the m.m.f.s due to the two coils 
are in opposition. ‘The circuit may therefore be simplified further 
to that shown in Figure 3.9d. This is identical to that shown for 
the transductor without self-excitation during the conducting 
period excepting that the a.c. turns N, are now replaced by 
(V, —N,). It must be remembered that although the rectifier 
is omitted in Figure 3.9d, this is only possible because we are 
considering one particular half-cycle. The purpose of the rectifier 
is to route the load current in such a direction through the self- 
exciting windings that it always aids the control current which 
implies that it always produces an m.m.f. opposing the current 
in the a.c. windings of the unsaturated core. This circuit com- 
pletely defines the self-excited transductor during the conducting 
period and therefore the induced voltages, the currents and rates 
of flux change are obtainable from the previous eee by 
substituting NV, — N, for N,. 

As previously the m.m.f. in the unsaturated core is zero so that 


iN, = |i,| (NV, — Ns) te evil Sebo) 
(cf. equation 3.14) 
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This shows that the ratio of load current to control current 


vat ee N, 
during conduction is increased by the factor Non when self- 
excitation is used. ‘The control circuit resistance ied referred 
(NV a My ak 


to the a.c. circuit is equal to R, This represents a 


Ny 
considerable reduction and therefore the proportion of supply 
voltage appearing across the a.c. coil on the unsaturated core is 
less than it was for the unself-excited transductor. Hence a more 
pronounced discontinuity occurs in the flux changes for this core 
at the beginning of the conducting period. The rate of flux 
change in the unsaturated core during conduction is in fact 


By vs |B, | ! | 
Se | ne Ce eee | | 
ali am ian) ee 
where y, is equal to 
Ne Ba (3.35) 
(N— N° R, — 


(cf. equations 3.16 and 3.11) 


The load current and control current may also be obtained by 
similar substitutions and it may easily be shown by direct inte- 
gration of equation 3.33 that in the steady-state 

pe (3.36) 
a ae R, e N, __ N, ° e o e 
Thus the current amplification, on being compared with that 
obtained without self-excitation in equation 3.19, is found to be 


a 


N er oe 
increased in the ratio ——*—. The circuit power amplification 


N,—N; 
G’,, is increased as the square of this ratio and is in fact y,. 

In the extreme case where the self-exciting turns are equal to 
the a.c. turns, no current is Induced in the control circuit from 
the a.c. circuit and therefore the only current drawn from the 
control source is that required to magnetize the core. On the 
other hand, it is evident that the mean control current is fixed 
by the control voltage and the control circuit resistance, the con- 
trol voltage required to produce a given change of load current is 
therefore infinitely small when the transductor is operating with 
complete self-excitation. Apart from the power gain, however, 
the operation of the idealized transductor in respect of the voltage 
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and current waveform is independent of the self-excitation. Since 
the power gain is usually high for self-excited transductors, the 
waveforms are similar to those shown in Figure 3.6 rather than 
Figures 3.7 or 3.8. The pulses of control current for a given 
output become smaller as the self-excitation is increased and the 
increased m.m.f. ratio leads to an increased gain or alternatively a 
reduced time-constant for a given gain. Before discussing these 
points, however, it is necessary to consider the relationships 
between the transductor voltage, the output voltage and the 
mean core flux. 


3.12 Transductor Voltage and Output Voltage 


In this and the following section it is assumed that during 
conducting periods the flux in the unsaturated core is maintained 
at a constant value as depicted by the diagrams in Figure 3.6e. 
This is implicit in the assumption that the power gain is large. 

In Chapter 2 it was noted that the load line drawn on the 
voltage current characteristic was nearly linear; this may now be 
understood by referring to figure 3.6c and studying the wave- 
forms of transductor voltage and load voltage. Examination of 
these shows that there is never a time when a voltage exists 
across the load and transductor simultaneously, thus when one is 
finite the other is zero, the sum of the two giving the supply 
voltage. There is therefore never any time throughout the cycle 
when one of these quantities is positive and the other is negative, 
and thus for instantaneous values 


le, ais le,| = |Z, 
This is the required condition for the addition of mean values as 
shown in section 1.4 and therefore 
H,—@ =@, =7,R, ..% “(337) 
The mean transductor voltage and the mean load current may 
be measured on a rectifier instrument and if their values are 
plotted on the no load voltage/current characteristics as a succes- 
sion of points, one point for each value of control current, the 
locus of all such points will be a straight line XY as shown in 
Figures 2.3 and 2.7 extending over the range of the transductor. 
This gives the operating conditions of a transductor with resistive 
load for any control current. 
The slope of the load line is — Rk, (assuming zero winding 
resistance), and if this is small the line becomes horizontal. A 
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load line having a small slope corresponds to a large maximum 
output current, and therefore the smallest permissible value of 
load resistance for a given transductor is usually limited by 
heating of the windings and low efficiency. While very large 
values of load resistance give rise to inadequate control ratios 
and low power output. 


(3.13 Mean Flux and Transductor Voltage 


The mean flux ¢, and the mean output voltage @, have a 
considerable bearing on transductor properties both in the 
transient and the steady-states, and since the relationship between 
these two variables is one which will frequently arise, it will now 
be discussed in detail. When a transductor is operating in the 
steady-state the individual core fluxes ¢4 and ¢ , are varying 
symmetrically but anti-phased. The mean flux will be constant 
and defined as 


po an 2 (ba + oz) 


During a transient, however, a slight asymmetry occurs in the core 
fluxes which gives rise to a change in the mean flux level dy. 
This latter change is only a small one when considered over one 
half-cycle but it builds up over several cycles, thereby causing a 
change of mean flux which occurs slowly by comparison with the 
flux variations in each core which occur at the frequency of the 
supply. ‘Thus when a control voltage is applied to a transductor 
the mean flux level is progressively raised in each half-cycle until 
a steady-state is reached. During the transient, saturation occurs 
slightly earlier in successive half-cycles. This results in an in- 
creased output voltage and a similarly reduced voltage developed 
across the transductor. 

The total flux change which can occur in either core is from 
negative up to positive saturation, i.e. 20,, and if the supply 
voltage is #,, then this flux change will be produced in the absence 
of a signal. If the supply voltage is appreciably less than this, 
however, then a finite signal must be applied before any output 
can appear. 

The mean flux level ¢) can therefore be defined in two parts 
thus : dy = ®,) + ¢,. Where ®, is a constant and represents the 
amount by which the peak a.c. flux fails to reach saturation in 
the absence of a signal. While ¢, is the variable component in 
the mean flux and is applicable when the transductor is operating 
over the knee of the magnetization curve (see Figure 3.10). 
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Figure 3.10. Variation of core fluxes in relation to idealized 
magnetization curve. 


If the supply voltage is #, the peak flux change in the absence 
of a signal is ®, — ©, where 


eK eee 


Assuming the transductor is just about to operate over the knee 
of the curve, if a control voltage HL, is applied, the mean flux level 
will be raised by an amount ¢, and the peak value of the alter- 
nating flux will be reduced from ©, — ®, to 4, where 


b, = (0, — By) — ¢, 
An output voltage @, will appear and the total voltage across 
the transductor will be reduced from E’, to @,, i.e. €,/2 across each 


coil. | 
From equation (1.23) we have, 


a | i 
5° ON. * total flux change, 2¢,, 
BE. 1 

similarly oa e 2fN — 2(0, a ®,). 
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so that, assuming the waveforms are of the type shown in 
Figure 3.6, we have by combining with equation 3.37 
a i,t, 

* — aN, ~ aM, 

This result does not utilize the ampere-turn balance equation 
and it is therefore applicable without serious error to all degrees 
of self-excitation and to practical core materials. This is an 
important point because equation 3.39 is used in Chapter 4 when 
the core is assumed to have a finite permeability. 

From the preceding discussion we may now consider physically 
the sequence of events on applying a signal to the control circuit. 
If the control circuit resistance were actually zero, then the mean 
control current would increase without limit and eventually the 
conducting period would extend throughout the cycle. Therefore 
some resistance must be present however small, so that the ulti- 


. (3.39) 


iH 
mate mean value of the control current is limited to RB ; 


After the control voltage #, is switched on the mean core flux 
(control flux) increases by a small amount in each half-cycle 
thereby progressively increasing the duration of the conducting 
period and hence the fraction of the supply voltage applied to the 
external circuit. This causes a similar increase in the mean 
current in the a.c. windings which in any one cycle must be pro- 
portional to the mean control current due to the constraint 
imposed by ampere-turn balance. 

Therefore the mean current 7, cannot increase beyond the limit 
imposed by the control current. The total change of control flux 
therefore adjusts itself to such a value that the a.c. ampere-turns 
are balanced against the control and the self-exciting ampere- 
turns ; that is when 


i 
N,—N)t, == JN 
( a Ny)%q R, c 
and by combining equations 3.36 and 3.39 we get 


fi, N, 
= ._=— - 1 Se oo CAO 
Pe SiN N, = N; c ( ) 
This shows that when the idealized transductor is a.c. excited, 
the control flux is not determined by the control m.m.f. according 
to the magnetization curve, but rather tends to be governed by 
the requirement for ampere-turn balance. 
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Equation 3.40 applies with reasonable accuracy to transductors 
for which the self-exciting ampere-turns are not greater than 
about 80% of the a.c. ampere-turns. In practice, however, the 
proportion is very nearly 100% and in this case the elementary 
theory breaks down. Several factors have been neglected, however, 
the two most important being the finite permeability of the core 
prior to saturation and the effects arising due to imperfect rectifier 
characteristics both of which must be taken into account before 
the self-excited transductor can be examined on a practical basis. 
This will be done in the following chapter; meanwhile, however, 
these results will serve as a basis for comparing the properties 
of transductors with and without self-excitation. 


EFFECT OF SELF-EXCITATION ON THE PROPERTIES OF IDEAL 
TRANSDUCTORS 


3.14 Power Output of Self-Excited Transductor 


For a given a.c. circuit resistance and efficiency the maximum 
power output is proportional to the square of the maximum supply 
voltage which can be supported by the transductor. Thus, if the 
a.c. fluxes are varying from positive to negative values just short 
of saturation the same equations will define the self-excited and 
the unself-excited transductor, since operation is within the un- 
saturated range (p. 74). Therefore the supply voltage H,, will 
be the same for both cases and the power output of the self- 
excited transductor will be the same as that for the transductor 
without self-excitation. Thus, by employing self-excitation, the 
power amplification has been increased for the same core size and 
power output. 

In the simple transductor, the ampere-turns ratio was found 
to be unity, and in the self-excited case this ratio becomes equal 


to W Ne WW As the number of turns on the self-exciting winding 
a: 


approaches the number on the a.c. winding, this ratio tends to 
infinity and in the limit the device becomes unstable. In practice 
the maximum allowable value for the ampere-turns ratio varies 
considerably, depending primarily on the magnetic core and the 
rectifiers ;- but 30 is a fairly average figure. 

Taking the numerical case given in section 2.8, it is now seen 
that the useful power amplification has increased by a factor of 
900, giving an amplification of 24,300 for a power output of one 
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watt. This assumes that the characteristic is linear; in practice 
this is not so and the improvement is not so great as that depicted 
here. (See Chapter 4.) 


3.15 Time-Constant 


A general expression will now be found for the time-constant 
of a transductor with any degree of self-excitation. The following 
theory assumes that the response is exponential, that core losses 
are negligible and that the power amplification is large compared 
with unity so that the time-constant will be large compared with 
the period of the a.c. excitation. It is also assumed that no other 
windings are coupled to the control windings.* 

If a control voltage H, is suddenly applied to the transductor 
at a time ¢ = 0 from the initial conditions ¢, = ®, the initial 
growth of flux will be governed by the equation 


| vy ees dd p 
ae dt Te dt t 
and since the mean flux ¢) = ba op 
c _ tbo 
we have ON. dt’ 


This gives the slope of the 
tangent to the flux-time curve 
at the instant t=0. It may 
easily be shown that the time- 
constant is defined by the point 
at which this tangent cuts the 


x 
Figure 3.11. Curve showing growth final value of flux ¢,+ 0, as 
of mean core flux with time. shown in Figure 3.11. 


* This implies that any voltage changes applied to the control circuit are in 
such a direction that the self-excitation rectifier blocks the flow of induced 
currents in the self-exciting windings. This is normally valid when the control 
voltage is increased, but not when it is decreased. In the latter circumstances 
the self-exciting windings are liable to be coupled to the control windings 
(Chapter 8). 

ft The initial condition specified here ensures that the transductor is operating 
over the linear range (Section 3.13). Provided the initial mean flux is equal to 
or greater than @, then the operation is linear. In practice this point should 
not arise as the a.c. supply voltage is adjusted to ensure that the operating range 
is a maximum and 9, is therefore zero, in which case any initial flux may be 
chosen. 
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- $o + By 
Thus lax dt = [a. 
0 b, 
giving o,= ae T 
° ON, 
therefore from equation 3.39 
eq i, 
sfN, 2N, 


where é, is the mean output voltage appearing as a result of the 
control voltage E,,. 


1 @ WN, 
Thus T= af E. oN. . .  . (3.41) 
or multiplying and dividing by 7,/7, 

12,2, N,i, 


re . (3.42 
"9 Ba Wie aa 
Kquation (3.41) gives the time-constant in terms of the voltage 
amplification thus : 
sieges 
4f ° °N, 
Equation 3.42 expresses the time-constant in terms of the circuit 
power gain G, and the m.m_f. ratio G,, thus : 
a 
— «Aa Ey 
Although these expressions for the time-constant do not depend, 
to a first approximation, on the cores having infinite permeability 
it must be remembered that they are only applicable when the 
power gain is large. 
If there is no self-excitation the ampere-turns ratio is unity 
and equation 3.44 becomes 


. (3.48) 


7 


T 


. (3.44) 


which is the same result as the limiting value obtained using the 
step-by-step treatment for the special case of zero self-excitation 
in section 3.4. 

Thus it is seen that as the ampere-turns ratio G,,, increases, the 
time-constant for a given power amplification is reduced. Self- 
excitation has the effect of increasing the ampere-turns ratio and 
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therefore, for a given power gain transductors have a faster 
response when using self-excitation. 

In the numerical example in section 2.8, the useful power gain 
was found to be 27. In order to determine the time-constant we 
must find the circuit power gain from the relation | 

Cag 4 

R49 
where 7,, is the resistance of one control winding. Assuming 
that the transductor input is matched to the source 
ZT ea 
fi, 
equation 3.21 is -085 seconds. If the ampere-turns ratio is 
increased by a factor of 30 then the time-constant of the self- 
excited transductor is now 2-5 seconds. The circuit power gain, 
however, has been increased by a factor of 900, and although self- 
excitation has increased the time-constant, the ratio of time- 
constant to power amplification has been reduced. | 


1 | . 
=~ and therefore G, = 16-9. The time-constant given by 


3.16 Effect of Over-Self-Excitation 


If a transductor is over-self-excited then a triggering action 
results; this will be considered briefly. 

The characteristic of a transductor without self-excitation is 
shown in Figure 3.12a in which 7,N, is plotted against 7, ,. 

If a self-exciting winding having N, turns is also available, then, 
assuming perfect rectification, the mean self-exciting ampere- 
turns may be plotted against the mean alternating ampere-turns 


giving a staight line OQ of slope sf 
ft 

The total mean direct m.m.f. required to produce a load current 
OL, for example, is LN of which LM is supplied by the self- 
excitation windings and MN is supplied by the control windings. 
If the magnitude of all lines such as WN is plotted against load 
current, the control characteristic for a self-excited transductor 
is obtained. 

In the case of negative control currents the relevant value of 
control current is represented by lines such as MN,. This is 
greater than LJ/ and therefore a larger negative sontiel current 
is required than in the unself-excited case. This leads to a 
characteristic such as that shown in Figure 3.126. 
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— <x = a a 
0; 0» 7 O — ic N- —- Z-LV,. 

(C) (@) 
Figure 3.12. Graphical constructions for ideal transductor with varying degrees 
of self-excitation. 


(a) Feedback locus with Ny < Ng. 

(6) Control characteristic with Ny < Ng. 

(c) Feedback locus with Ny > Ng. 

(d) Control characteristic with Nz > Nga. | 

In the absence of a signal, the operating point must be on 

both the straight line and the curve, and therefore the load current 
is given by P#&. In order to determine the working point for any 
control current OO, say, it may be found by drawing O0,Q, parallel 
to O@, and the new intersection S gives the required working point 

(Fogure 3.12a). 

If N,>N, then the device becomes unstable and the load 
current will trigger for certain critical values of control current. 
This may be seen from Figure 3.12c. The feedback line for zero 
control current is OY and the working point is Y ; as the control 
current increases in the negative direction Y moves to the left, 
e.g. along QY, V1, G2, etc. If the control current is increased by a 
small amount beyond OO, then the device triggers and the load 
current suddenly decreases to a value corresponding to the point 
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P,;. On decreasing the control current, the load current assumes 
values corresponding to P3P., etc., until at P, the current triggers 
back to Q@,. The characteristic of a transductor which is over 
self-excited is shown in Figure 3.12d, in which the shaded area is 
unstable. 


3.17 Summary 

In this chapter the transductor has been considered on the 
basis of idealized core characteristics. It has been shown that 
following the application of a control voltage to the input, the 
output voltage builds up to a steady-state value over a number of 
cycles which, if large, is approximately proportional to the circuit 
power gain G,. When the gain is large it is found that the 
relationship between gain and time-constant is given by 

G, 
af 
and this result is the same for square wave as for sine wave 
excitation. 

The steady-state mode of operation of the transductor also 
depends upon the circuit power amplification. It is shown that 
with a low impedance control circuit, i.e. a high power gain, the 
waveforms of voltage and current are pulses having the form of 
parts of a sine wave, while with a high impedance control circuit 
the current waveform tends to be square. In either case ampere- 
turns equality very nearly exists between the control circuit and 
the load circuit over the operating part of the transductor charac- 
teristic. It is also shown that the mean output voltage, corre- 
sponding to the ungated portion of the supply voltage, is decided 
only by the mean flux level in the cores thus : 


eg = 8f. N ac 

The greater part of the control current flows during conducting 
periods over which time the load current flows also. These two 
currents provide m.m.f.s which act in opposition and hence the 
actual mean flux change occurring is very small for a given 
control voltage. 

The power gain of this circuit is therefore limited by the oppos- 
ing effect of the a.c. ampere-turns. 

This effect may be partly or completely eliminated by applying 
self-exciting ampere-turns to the core, these can be arranged to 
balance the a.c. ampere-turns and thereby enable the control 
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current to produce a much greater change in the mean flux level 
for a given control voltage. In addition, however, self-excitation 
increases the ampere-turns ratio G,, from unity up to some 
comparatively large value, with the result that two valuable 
improvements are obtained by the use of self-excitation, firstly an 
increased power amplification for the same maximum power 
output and secondly a greater ratio of power amplification to 
time-constant. The general form of the time-constant equation 
is in fact given by 
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THE SELF-EXCITED TRANSDUCTOR 


4.1 Limitations of the Simplified Treatment 


HE analysis of the transductor given in the previous chapter 

has explained the transient and steady-state operation of 
the device assuming ideal characteristics. When, in the self- 
excited transductor, the self-exciting turns were made equal to 
the a.c. turns, the current gain was found to be infinite. When the 
permeability is assumed finite this is not true, however, and 
in practice the gain is largely determined by the properties 
of the core and self-excitation rectifier. The time-constant also 
tends to be greater than that predicted due to the fact that, in 
certain circumstances, currents can circulate in the self-exciting 
windings through the bridge rectifier from M to N (Figure 3.9a). 
When this occurs the only resistance in series with these windings 
is their own resistance and that of the rectifier. The e.m.f.s 
induced in this closed circuit therefore cause currents which 
tend to delay changes of the mean flux in the cores during 
each half-cycle. Thus a smaller increment of flux occurs per cycle 
and therefore a larger number of cycles are required before the 
transductor reaches its steady-state of operation. In the case of 
a d.c. input the steady-state is defined by the maximum value of 
the control current and this is only limited by the resistance of the 
control windings. 

By considering the rectifier characteristic to be divided into 
linear zones and utilizing the equations appropriate to each zone 
it would doubtless be possible to approximate as closely as desired 
to the practical case. Such a treatment, however, would be very 
laborious due to the frequent discontinuities arising either in the 
core or the rectifier and it is doubtful whether a result obtained 
by these methods would justify the work involved even if such a 
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result were obtainable in a general form. The reason for this is 
that core materials and rectifiers are only reproducible to within 
certain limits, these limits will therefore dictate the degree of 
accuracy to which it is worth while analysing the problem. 

In this chapter transductor performance will be considered on 
the basis of a more realistic magnetization curve combined with 
circuit conditions usually encountered in practice. This leads to 
equations which are directly applicable to design problems. 

Hitherto the transductor load has been considered as a part of 
the a.c. circuit resistance. Usually the load is some d.c.-operated 
device such as a meter or relay. In these circumstances the 
necessary rectifier is, of course, considered as a part of the a.c. 
load. Sometimes the d.c. load is placed in series with the self- 
exciting windings; this often gives rise to inferior operating 
characteristics, particularly when the load is inductive, but makes 
the provision of a load rectifier unnecessary. 

Before discussing the transductor, however, the operation of 
the self-excitation rectifier must be examined, since its behaviour 
during the period when both cores are unsaturated has an impor- 
tant bearing on the circuit performance, particularly where the 
response time is concerned. 


4.2 Action of the Self-Excitation Rectifier 


Additional time lags and modified steady-state operation of a 
transductor arise due to the closed circuit formed by the rectifier 
through the self-exciting windings. Such a closed circuit only 
exists, however, when all the elements in the rectifier are conduct- 
ing. The circumstances under which these conditions arise 
depend upon the effective impedance connected to the d.c. 
terminals of the bridge rectifier. The self-exciting windings are 
partly resistive and partly inductive, furthermore they are 
coupled to the control windings when both cores are unsaturated 
and therefore the impedance of the control circuit will affect the 
impedance of the feedback circuit as seen by the rectifier. These 
factors must be examined before it is possible to consider the 
actual operation of the transductor itself. In the first instance 
the problem of inductively loaded rectifiers will be considered 
without particular reference to the transductor. 

Referring to the circuit in Figure 4.la the bridge rectifier is 
connected to an a.c. supply through a high impedance Z. The 
d.c. terminals of the rectifier are connected to an inductive circuit 
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and the instantaneous currents flowing in the a.c. and d.c. circuits 
are 7, and 2, respectively. This may be compared with the 
equivalent circuit for the self-excited transductor with both cores 
unsaturated (Figure 3.9b) in which the impedance Z corresponds 
to the a.c. windings in series with R, while the d.c. inductive load 
corresponds to the self-exciting winding N,. In the previous case 
it was assumed that when the a.c. was positive the rectifier 
elements (1) and (3) were conducting, and when it was negative, 
elements (2) and (4) were conducting, the rectifier unit was there- 
fore considered to act like a switch in which the switching was 
governed by the sign of the current in the a.c. circuit. In these 
circumstances the d.c. 7, must always be equal to the rectified 
a.c. |z,| since at any instant there is only one closed circuit 
and therefore 7, and 2, are the same current; the rectifier merely 
routes the a.c. always in the same direction through the coil. 

A metal rectifier, however, does not behave like a switch in this 
sense and the conduction or non-conduction of a rectifier element 
is determined by the voltage and current relations applying to 
that particular element. 

Typical voltage/current curves for a number of different types 
of rectifier element are shown in Figure 4.2 where it is seen that 
the voltage required to cause a current flow through the rectifier 
in the positive (forward) direction is much less than that required 
in the negative (reverse) direction. As the positive current 
decreases to zero, the resistance of the element rapidly increases 
and becomes very: high when the voltage across the element 
becomes negative. A bridge rectifier has four such elements and 
the resistance of each one will be dependent upon the voltage 
across it. In the first instance it will be assumed that each 
element is ideal, that is to say, the reverse resistance is infinite, 
but the slope changes discontinuously at the origin and the 
forward resistance becomes very low. 

A rectifier element will therefore conduct until the current 
flowing in it decreases to zero, after which its resistance becomes 
very large and remains so until the voltage across it just goes 
positive. 

When the element is conducting it has a low impedance and 
the current can either increase or decrease. A decrease in the 
current can be considered as a negative current superimposed on 
the positive current, and therefore when conducting the element 
is capable of allowing components of current to flow in the reverse 
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direction provided the total element current is greater than zero. 
On the other hand, when a reverse voltage exists across an element, 
current cannot flow in either direction until the reverse voltage is 
zero. The circuit in Figure 4.la can be redrawn in the less 
familiar form shown in Figure 4.1b. If the a.c. 2, is assumed to 
be positive as shown, then considering 7, to be increasing near to 
its peak value at O say (dfigure 4.1c), the voltage across the d.c. 
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Figure 4.2. Characteristics of copper oxide, selenium and germanium rectifiers. 


load will be due to the e.m.f.s in the coil and in the resistance. 
The e.m.f. in the coil opposes the increase of current and that in 
the resistance opposes the current. Both e.m.f.s therefore tend 
to make N and H positive with respect to J and M; elements (2) 
and (4) are therefore cut off and the current in the coil is the same 
as that in the a.c. circuit. When the a.c. passes its peak the 


di 

resistance still opposes the current, but the e.m-f. Ly in the 
coil now reverses and tends to maintain the current. As the 
current decreases there comes a time when the induced e.m.f. in 


the coil is greater than that in the resistance, and when this occurs 
(at a time corresponding to «,) MM and J become positive with 
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respect to H and N. As soon as this happens, elements (2) and (4) 
conduct and d.c. circulates in the parallel paths MJN and MHN; 


L . 
this current dies away with a time-constant equal to a , while the 
t 
a.c. decreases to zero. 


During the time when all four elements are conducting, the 


2 5 —* and the current 


current in elements (1) and (3) is equal to 


in (2) and (4) is a a “® When the a.e. changes sign and starts 


increasing negatively, the current in (1) and (3) will become zero at 
a», that is, when 7, = |7,]. 

The previous events are now repeated except that the a.c. 
flows through the inductance via elements (2) and (4) while (1) 
and (3) are cut off. 

The rectifying cycle is therefore divided into two periods, the 
current forcing period and the relaxing period. In the former case 
the d.c. is equal to the numerical value of the a.c., while in the 
latter case the d.c. is partly smoothed and is not numerically equal 
to the a.c. since the rectifier provides an additional path through 
which the current tends to be maintained in the inductance. 

If the impedance across the rectifier is purely resistive, no 
relaxation occurs since there is no induced e.m.f. tending to 
maintain the current. If, on the other hand, it is inductive and 
the time-constant is large, the rate of decay during relaxation 
periods will be small so that the d.c. will be substantially constant 
and equal to the peak a.c. In this case all four rectifiers are 
conducting throughout the greater part of the cycle. 

Considering the transductor over the period when both cores 
are unsaturated, the inductance across the terminals of the 
rectifier corresponds to that of the self-exciting windings which, 
as we have seen, are magnetically coupled to the control windings 
(Figure 4.1d) ; the impedance in the control circuit will therefore 
influence the current in the self-exciting circuit. If the control 
circuit impedance is very small, then variations of the self- 
exciting current induce equal and opposite variations of current 
in the control circuit by normal transformer action. The 
resultant current variations are such as to produce no change in 
the total flux (6, + ¢4,) lnmking the windings. Furthermore, the 
control circuit resistance makes the self-exciting windings appear 
substantially resistive and it follows that no relaxation of the 
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rectifier occurs so that the self-exciting current is always equal to 
the current in the a.c. windings. 

If the control circuit resistance is large, the effective impedance, 
seen by looking into the self-exciting windings, will be substantially 
the inductance of these windings, and since, in general, their 
resistance is small the time-constant of the self-exciting circuit is 
large. The current therefore tends to remain constant during 
relaxation periods although the alternating current is varying. 

Thus whether the control circuit impedance is high or low, the 
currents are such as to maintain a constant value of total flux 
(6, + $,) during unsaturated periods. It should be noted that 
this does not impose a restriction on the individual fluxes ¢, 
and #,, which are in fact varying over their full range; it does, 
however, restrain them in such a way that their mean value 
remains constant. Equal and opposite changes in the fluxes 
o4 and dz cannot be detected in the self-exciting circuit or in the 
control circuit since they produce e.m.f.s which cancel. 


4.3 Amplification of Self-Excited Transductor in the Steady-State 


In the previous chaper the current-amplifying properties of the 
transductor were considered, and although the current amplifica- 
tion is relevant in many cases, occasions frequently arise when it is 
more convenient to consider the output voltage in terms of the 
control voltage. There are three reasons for this preference. 
Firstly, the input signal is usually a voltage applied to the control 
circuit; the resulting control current tends to lag behind this 
voltage, thereby introducing a time delay. By considering the 
control current as the input, this time delay is ignored. Secondly, 
since the transductor is a gating device in an a.c. circuit, when 
saturation takes place during the cycle the supply voltage is 
ungated and applied to the load circuit; the output of the 
transductor is therefore a voltage corresponding to the ungated 
portion of a sine wave. Thirdly, in certain cases the load current 
is not equal in magnitude to the current in the a.c. windings. 
This applies when the load is partly reactive (see Chapter 6) and 
the actual current flowing in the load is obtained by considering 
the voltage applied to the load, namely, the output voltage from 
the transductor. The general expression for the voltage amplifica- 
tion will therefore first be derived, from which the current 
amplification will be readily determined for the special conditions 
of a resistive load and steady-state operation. 
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The last of these points makes it necessary to introduce some 
new symbols for the load circuit impedance. The resistance R, 
has been defined as the total resistance in the a.c. circuit which 
will include the load A, and the total internal impedance r,. 
If rectifiers are included in this path their impedance is taken 
into account by adding up the total number of conducting 
elements in the current path and assuming each one to ave a 
constant resistance. 

If the load is purely resistive and fed through a bridge rectifier, 
the load current 1; is equal in magnitude to the transductor 
current 2, at all times. In addition, the output voltage divided by 
this current gives the total resistance #, whether we consider 
mean or instantaneous values, thus 


-=-—=- =R, (for dc. resistive load) . . (4.1) 


If, however, the load is partly inductive or capacitive some of 
these relations no longer apply due, for example, to the combina- 
tion of a bridge rectifier with an inductive load. The following 
symbols will now be introduced and defined in order to treat the 
general case : 


(1) &, = total a.c. circuit resistance in forward direction. 
(2) R, cae as 
va 
- é 
(3) a, ~~ i 
“L 


Particular values for R, and R,,, for the various types of rectifier 
load will be found in Chapter 6 in terms of the circuit constants, 
etc. Meanwhile for a resistive load 


a = Ry =f, a Ry, le 


4.4 Assumptions 


In the following discussion it will be assumed that the core 
magnetization characteristic is of the form shown in Figure 3.1c, 
in which the slope is large but finite in the unsaturated region. 
Saturation is assumed to occur suddenly when the flux reaches the 
value ©, after which the slope is zero. _ 

It is also assumed that the total resistance #, in the a.c. circuit 
is small compared with the unsaturated reactance 2Xaw of the 
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a.c. windings. ‘This implies a large value for the control ratio 
given by m = 2X,,,/f, (section 2.5). 

When using self-excitation the unsaturated reactance of the 
a.c. circuit is still determined by that of the a.c. windings alone. 
The self-exciting windings do not limit the current reactively 
since they are either coupled to the control windings having a low 
impedance, or, alternatively, if the control circuit impedance is 
high, full relaxation occurs and all four elements of the self- 
exciting bridge rectifier are conducting, thereby providing a 
circuit for the a.c. which does not include the self-exciting wind- 
ings. With most core materials the transductor control ratio is 
usually over 15 and is sometimes as high as 50 and therefore the 
assumption of a high reactance/resistance ratio is justified. 

Tron losses will be neglected at first but their effects will be 
considered in Chapter 5. 

It was shown in Chapter 3 that the flux changes in the un- 
saturated core during the conducting period are partly due to 
the control voltage and partly due to the component of supply 
voltage which appears across the coil lmking the unsaturated 
core. In the case of the transductor with self-excitation or a low 
control circuit resistance, the flux change over this period is very 
small, and the following discussion will be based on the fact that 
in the steady-state the flux in the unsaturated core remains 
constant throughout the conducting period. The flux changes 
are therefore assumed to be of the form shown in Figure 3.6e. It 
will be remembered that these conditions, corresponding to a very 
small value of J, are given by a high circuit power gain. On this 
basis the m.m.f.s magnetizing the core can be calculated knowing 
the core reluctance, and hence a relationship can be obtained be- 
tween the control current and the mean transductor current. The 
transductor circuit with self-excitation is shown in Figure 4.3 
where the total a.c. circuit resistance comprises the load #, plus 
the a.c. and self-exciting winding resistances 2r,,, and 2r,,, 
respectively; in addition the forward resistance of two rectifier 
elements 2r,, should be included together with the a.c. source 
impedance 7,,, thus R,=Rr+"% 
where 7,, the total internal resistance, is in this case given by 

Le AAP aaa a Y pw =P hie) ar Pag: 

The load can be placed in series with the self-exciting windings, 

in which case the same rectifier will serve for both the load and 
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self-excitation; both types of connection will be discussed. 
Firstly, the circuit shown in Figure 4.3 will be considered. 


Pfw 


Ze 


Ke 


Ec 
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Figure 4.3. Circuits of self-excited transductor. 


(a) General circuit. 
(6) Circuit applicable to the time when both cores are unsaturated. 
(c) Circuit applicable to the time when one of the cores is saturated. 
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4.5 Analysis of Voltage Amplification 


Referring to Figure 4.4a, the flux changes in cores (A) and (B) 


are shown plotted to a vertical time scale. The mean flux 


Po 


is shown and the a.c. fluxes vary symmetrically about ¢,) with a 


peak value ¢, = ®, — dy. These fluxes are drawn in relation 
the magnetization curve (figure 4.45). 
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Figure 4.4. Flux, m.m.f., and current waveforms for a self-excited transduct 


(a) Flux variations. 

(6) Magnetization curve. 

(c) m.m.f. variations. 

(d) m.m.f. due to alternating ampere-turns. 

(e) m.m.f. due to sum of control and self-exciting ampere-turns. 
(f) Ampere-turns due to self-excitation for Ry = 0 

(g) Ampere-turns due to control current for R, = 0. 
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If the mean supply voltage is some fraction kK = wee of the 
optimum value #,,, then the mean flux can increase up to ®, 
without causing saturation during any part of the cycle. The 
total flux swing corresponding to the mean supply voltage KE, 
will be 2(0, — ®,) while the flux swing corresponding to the supply 
voltage H',, will be 20, (section 3.13). The mean flux ¢, therefore 
consists of a flux ®, which is just sufficient to cause saturation 
and a further flux ¢,, the magnitude of which will determine the 
length of the conducting period and hence the mean output 


voltage where ¢,=0,+4, - oe. (4,2) 


If K = 1, then ®, is zero and any finite mean flux will cause 
saturation. 

If the mean flux increases due to an increase of control voltage, 
then assuming the core is already being driven into saturation 
over part of the cycle, the peak alternating flux ¢, decreases and 
the time of saturation ¢, occurs earlier in the half-cycle, thereby 
lengthening the conducting period and increasing the mean output 
voltage as described in Chapter 3. 

By projecting points on the flux curves on to the magnetization 
curve, the m.m.f. S¢ in each core may be drawn for the period 
when both cores are unsaturated, the m.m.f.s are shown plotted to 
a horizontal time scale in Figure 4.4c. Over the conducting period 
the m.m.f. in the unsaturated core is constant, and, furthermore, if 
the transductor is fully self-excited, then, since 1, = 7, over this 
period, it is seen from Figure 4.3c that no resultant ampere-turns 
are applied to the unsaturated core from the a.c. supply. Hence 
the m.m.f. in the unsaturated core during the conducting period 
must be that due to the control current only. The flux 4, 
corresponding to this m.m.f. is shown in Figure 4.4a. Over the 
period from t = 0 to ¢ —#, the flux in core (B) is decreasing. 
Before the conducting period it decreases from the saturation 
value to the value ¢, by the combined action of the supply and 
control voltages. Although the flux waveforms are assumed to 
be as shown in Figure 4.4a, in practice this is not quite true and 
during conduction a further slight change of flux occurs to the 
final minimum value ¢g; this latter change of flux is due to the 
voltage-time applied to the control circuit only, it is of course 
accompanied by a corresponding small change of control current ; 
both these changes will be neglected, so that dg = ¢, and the 
control current is assumed constant during conducting periods. 
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The total m.m.f. in the saturated core during conduction is 
equal to twice that due to the alternating. current 7, since the 
same current flows in the a.c. and self-exciting windings (see 
section 3.3). For the present discussion, however, it is not neces- 
sary to evaluate the m.m.f. over this period and it is sufficient to 
denote the shaded area (Figure 4.4c) over the interval t, to tg 
by the symbol X. 

Since the m.m.f. due to the self-excitation always aids that 
due to the control then from Figure 4.3a the instantaneous 
m.m.f.s in the cores, as we have already seen, are given by 


F,=(i,.N,+1,N,) +1,N, ete ke AB) 
and F,=(t.N, +1,N,) —7+,N, - . « (4.4) 
therefore subtracting 
ene =4— Hs (4.5) 
and adding 
rN, +1,N, = fat is . 2. (4.6) 


Referring to Figure 4.4c the m.m.f.s Ff, and F', each consist of 
three components. 


(1) An mmf. of peak value Sd, which varies within the 
saturation limits and corresponds to the alternating flux 
variations. 

(2) A constant m.m.f. Sd, which corresponds to the mean 
flux level. 

- (8) The m.m.f. corresponding to the shaded area X. 


If the total m.m.f.s #, and J’; in each core are subtracted then 
the constant component Sd, disappears; the resulting m.m.f. is 
proportional to the alternating current 2, as given by equation 4.5. 
This m.m.f. due to 7, is shown in igure 4.4d. It consists of the 
shaded portion of area X/2 and a small variation whose peak 
value is Sf,. The curve corresponding to the transductor current 
when rectified is shown dotted as [7,1 ,|. 

If the core m.m.f.s are added then the m.m.f. due to the con- 
trol and self-exciting currents is obtained according to equation 
4.6. In this case the small variations of peak value Sd, cancel, 
but the mean m.m.f. Sd, remains. In addition we have as before 
the shaded component equal in area to X/2. 
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Since both of these latter components shown in Figure 4.4e are 
always positive we may add the mean values giving : 


a “ 2X 
aN , + aN , = Sp + mm 2 : . . (4.7) 


If 100% self-excitation is used nearly the whole of this m.m.f. 
required during the conducting periods is supplied by the self- 
excitation winding, and the only control current required is 
the small component which determines the minimum flux ¢g and 
hence the mean magnetization level in the core. For smaller 
proportions of self-excitation, the control current must be larger 
in order to supply a part of the m.m.f. corresponding to the shaded 
area X in addition to the magnetizing component, and in the case 
where there is no self-excitation then Figure 4.4e is the waveform 
of control current, d and e are then directly comparable with 
Figures 3.6d and f. 

It is important to note that the particular curve bounding the 
area X has been chosen arbitrarily and in this case represents the 
waveform of m.m.f. which would be obtained with a resistive 
load and a sinusoidal supply, any other waveform gives the same 
result, however, since X remains unspecified throughout this 
treatment. 

During conduction the self-exciting current is equal to the 
rectified alternating current |7,|, but during non-conducting 
periods its value depends upon the rectifying action as described 
in section 4.2. | 


Case 1: Control circutt resistance large. In this case the 
current 7, is assumed to be constant during the non-conduct- 
ing period; this means that all four arms of the bridge 
rectifier are undergoing relaxation and the waveform of the 
self-exciting current 1, will then correspond to the chain- 
dotted line in Figure 4.4d thus 


aN, = S(O, os po) aaa a a (4.8) 


Case 2: Control circuit resistance small. If the control 
circuit resistance is very small, then from the results in 
section 4.2 the self-exciting current 2, will be equal to the 
rectified alternating current |¢,| not only during the con- 
ducting periods, but throughout the cycle. Small variations 
will therefore occur in the magnitude of the self-exciting 
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current during the non-conducting period which will cause 
similar induced currents to flow in the control circuit as 
shown in Figures 4.4f and g. 

If it is assumed that these small variations within the 
limits of saturations are sinusoidal then their mean value 


2 
will be - x peak value and therefore in the case of a low 
WT 


control circuit impedance we have 


2 
a, 4 —_ =S(0 — do) + a5 ° ° . (4.9) 


Both equations 4.8 and 4.9 may be written in the common 
form 


: 2X 
iN, =AS(®,— oo) teG + + (4-10) 


2 , ee 
where A varies from ~ up to unity as the control circuit resistance 
7 


increases. 
Thus, combining (4.7) and (4.10) 
aN, =P ASO, -S (Ng = N;) le (1 iF Ago. 

The current flowing in the a.c. circuit during non-conducting 
periods is very small compared with that flowing during con- 
ducting periods, and having established the self-exciting current 
as accurately as possible, equation 4.7 may be combined with 
4.10 and the mean current 7, in the load then assumed equal 
to iy. 

Thus replacing 7, by 7, gives 

bE aT ASO, = Leh IN a _ N;) a (1 aye A)S¢o : : (4.11) 

This relationship is the ampere-turns balance equation taking 
into account the core reluctance. The simplified form of this 
given in equation 3.36 is obtained by putting S = 0. 

If there is more than one control winding, or if other closed 
windings are coupled to the control winding, the ampere-turn 
balance equation may be written in the more general form 

F, + S®, =7,(N,— Ny) + (1 +A)8$, - . - (4-12) 
where fF’, is the total mean control m.m.f. due to all control 
windings. 

Although in this case the steady-state condition has been 
stressed the same fundamental relation applies to any cycle of 
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the supply frequency during a transient provided the response 
time of the transductor is large compared with the period of the 
supply frequency. The transient and frequency response is 
considered in Chapter 8, however, and for the present we are 
primarily interested in the behaviour of the transductor after 
transients have disappeared. 

The following equations are also applicable to the circuit 
variables 


b= an (equation 3.39) 
in the steady-state 2, = a (by definition) 

. 4, 
and eee R. 
also dy =D, + 4- 


By substituting these expressions into the ampere-turn balance 
equation (4.11), an expression for the voltage amplification is 
obtained (see Appendix 4). Thus 


l = 
t 6 
where g, = ALA) Re » .  . (4,14) 
h, = A a oo... (4.15) 
K =supply voltage factor H,/E,, = ioe! 
and as before H,, = 8®,afN, . .  .(4.15a) 


2 
The constant 4 lies between - and unity depending upon the 
IT 


' control circuit resistance, and M,, is the mutual inductance 
between an a.c. coil and a control coil when coupled by an 
unsaturated core. It is shown in section 1.2 that this is equal 


N_N : 7 
to 5 ° where S is the core reluctance and is in turn equal to 


Ifua (section 1.1). In this context yp, the permeability, is the 
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slope of the magnetization curve in the unsaturated region; 
it is termed the sensitivity or gain permeability, thus : 


VE aa a 


Equation 4.13 gives the steady-state relation between the 
control voltage and the mean output voltage for a trans- 
ductor with any degree of self-excitation and a mean supply 
voltage #, equal to KE,,. The relationship is given by a 


straight line of slope G, = oe oe having an intercept on the 


1 + Gehry 
ordinate (Figure 4.5a(i)). This intercept corresponds to the 
output voltage for zero control voltage and is dependent upon 


the magnitude of the supply voltage through the factor K. 
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ao (Q) 
Figure 4.5. Curves showing amplification characteristics of transductor with 
resistive load. 


(a) Theoretical curves based on idealized core : 


(i) Incomplete self-excitation 
(ii) Complete self-excitation AK = 1.0 
(iii) Complete self-excitation K = 0.8. 
(6) Practical control characteristic showing similarity to magnetization curve. 
Nickel-iron core, magnetization curve shown dotted. 
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At this stage it is important to realize that nowhere has it 
been necessary to invoke the condition that the supply voltage 
is sinusoidal, and hence the above results apply equally well to 
a square wave of supply voltage. This is primarily because, 
whatever waveforms apply during conduction, the transductor 
current 7, is opposed either by a similar current flowing in the 
self-exciting windings or by a similar current induced in the con- 
trol windings. 

The constant A affects to a small extent both the slope and the 
intercept on the characteristics; theoretically it varies from unity 


2 : ‘ 
down to - (see p. 101) as the control circuit resistance f&, 
WT 


decreases from a large value to a small value. In future it 
will be assumed that A = 1 unless otherwise stated and this will 
imply a smooth control current for the condition of 100% self- 
excitation. 

At this stage it is felt necessary to explain an apparent con- 
tradiction in the foregoing reasoning. In order to justify the 
flux waveforms in igure 4.4a, it was necessary to assume a low 
control circuit resistance. Now one is asked to assume that 
X = 1 which implies a high control circuit resistance. 

The characteristic feature of the flux waveforms is that, 
during conduction, the flux in the unsaturated core does not 
change. This actually depends upon the referred value of Rk, 
being small, and during conduction the value of #, referred to 

2 
=| (Figure 3.9d). It the self- 

c 
excitation is appreciable N,—N, and the control circuit 
resistance referred to the a.c. circuit is very small. 

To meet the second condition (A = 1) we are concerned with 
the referred resistance of the control circuit when both cores are 
unsaturated and in this case the comparable quantity is the 


N 
the a.c. circuit is R, - 


value of R&, referred to the self-exciting circuit, ie. R, Fa 


(Figure 3.96) which in practice will be considerably greater than 
R *s 2 *,| : 

c N, ° 

Let us now consider the voltage amplification G', for the 
transductor under certain conditions of self-excitation. In the 
special case where the self-excitation is complete, the self- 
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exciting turns N, are equal to the a.c. turns NV, and therefore 
h, = 0. Also putting A = 1 gives the result 
Gy = Jo ==> . 4 (4.16) 
7 
The mutual inductance M,, can be very large and will be 
dependent upon the core reluctance and dimensions. Thus if 
the self-excitation is complete the voltage amplification of the 
transductor is primarily dependent upon the supply frequency 
and the properties of the core as would be expected. The above 
results may now be compared with those obtained in Chapter 3 
for the case of zero self-excitation. 
If there is no self-excitation in the present case, then h, is a 


maximum and equal to Ke ane 
x, N, 
In this case g,h, = 2a ea Be Na 
am ii. ~ deg aN, 
2 Liss, = 2 


— = —=" (section 1.2 
a R, a kh, ( ) 


which is usually large compared with unity since X,,, refers to 
the unsaturated reactance of an a.c. coil. Therefore when there 


is no self-excitation (NV, = 0) the expression for the gain, es 
Jy v 


9 


] 
may be approximated to i, 


Thus for the condition of no self-excitation 
_ 8 8, N, 
°  8F, R, N, 
This is independent of the core characteristic and if the load is 


resistive, we have Rk, — R, and the current amplification may be 
written down as 


oi, o&, Rk, N, 

Si, SH, R 
which is the same result as that obtained in Chapter 3, where it 
was shown that for the condition of no self-excitation the current 
amplification is dependent only upon the turns ratio of the con- 
trol and a.c. windings. 


a 
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4.6 Transductor Current Amplification 

The current amplification will now be considered for the case 
of a resistively loaded transductor under steady-state conditions. 
A general expression may be obtained directly from equation 
4.13 by putting ¢,= R#,2, and H, = R,i, then dividing both 
sides of equation 4.13 by #, gives 


es a ee ee 


2wM 

where 9g; = — ae i -. (4.18) 
7 a 
vy. 

i= —W (See also Appendix 4) . . . (4.19) 


c 

It should be noted that the expression in the denominator g,h, 
is equal to the corresponding expression g,h, applicable to the 
voltage gain. Thus the equation only differs from the voltage 
gain expression by the appropriate impedance factors. Thus, if 
the self-excitation is complete, then the self-exciting turns N, 
are equal to the a.c. turns NV, in which case h; = 0 and the mean 
load current is 


a... (4.20) 


where the gain has now become equal to g;. If the mean supply 
voltage is reduced, the gain is unaffected but the factor K 
decreases and the standing current for zero signal gets smaller. 
This is shown in Figure 4.5a where theoretical current transfer 
characteristics are shown for the condition of 100% self-excitation. 
Curve (ii) is for the case where the supply voltageisat its maximum 
value H,,, while curve (iii) is for a supply voltage of 0-8 Z,,. 

The minimum load current 2,), must occur when both cores are 
unsaturated throughout the cycle of supply voltage; this will be 
when the total direct m.m.f. is zero and will generally correspond 
to a negative control current which just balances the positive 
ampere-turns supplied by the self-exciting winding. 

The effect of large negative control currents may be con- 
sidered as follows. Referring to Figures 4.4a and d it is seen 
that on positive half-cycles of the alternating current core (B) is 
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unsaturated. If the mean flux were made negative by applying 
a sufficiently large negative signal, however, then the transductor 
would operate over the negative half of the magnetization curve 
and core (B) would be unsaturated on negative half-cycles of 1,. 
Now the ampere-turn balance equations relate to the unsaturated 
core and furthermore the sign of the self-exciting m.m.f. acts 
always in the same direction due to the rectifier. Therefore the 
alternating m.m.f. in the unsaturated core has undergone a phase 
reversal of 180° in relation to the self-exciting m.m.f. Referring to 
the equivalent circuit in Figure 3.9d the effective turns providing 
a.c. excitation are now given by N,-+N, and therefore the 
control current is called upon to supply even greater balancing 
ampere-turns than would be the case if no self-excitation were 
applied. The gain is therefore greatly reduced and is in fact 
given by changing the sign of N, in equation 4.19. 


4.7 Analogy with Negative Feedback Amplifier 


Readers familiar with closed-loop control systems will probably 
have recognized the expressions for the transductor gain of the 


as being those of a negative feedback amplifier in 


form - 
] 


which the internal gain is g and the gain in the feedback loop is 
h (see Chapter 7). This is shown by the block diagrams in 
Figures 4.6a and b, which represent such an amplifier. Figure 
4.6a refers to the transductor as a voltage amplifier. The input 
voltage H, is opposed by a proportion of the output, and the 
difference is then amplified to give the mean output voltage @,. 

Thus from the diagram referring to the amplifier of gain g, 


€g = Go (L, _ Eqhy) 
pees Jy 

1 + 9h, 
It is important to distinguish between the negative feedback 


referred to above, and the so-called positive feedback due to 
self-excitation. In the latter case, the simple transductor having 


giving HE, as before. 


es 
a current gain —" was considered to be the fundamental trans- 


ductor element, the application of positive feedback due to self- 
excitation was then shown to increase the gain. The errors which 
arise due to neglecting the core reluctance have already been 
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i,=t, (for — 


resistive load) 


ae | Au (a) 
Ne 

a 

(5) 


Figure 4.6. Block diagrams of feedback systems representing a transductor. 


(a) Voitage-amplifier. 
(6) Current amplifier (for resistive load). 


stressed. In the present case, the transductor with 100% self- 
excitation is considered to be the basic element, while the absence 
of self-excitation gives rise to the negative feedback properties 
inherently due to the fact that the ampere-turns must balance 
during the conducting period. Thus the effect of self-excitation 
is virtually to “open ”’ the closed loop. This conception shows 
the complete dependence of the basic unit wpon the core reluc- 
tance, but when considered as in Chapter 3 the part played by 
the core is not apparent. 

Although at first sight the block diagram representation may 
appear somewhat artificial, there is a reasonable justification 
for it which may be seen by considering the physical mechanisms 
as follows. 

The output voltage e, appears during the conducting period 
and over this period it is very nearly equal to the supply voltage. 
The block diagram indicates that a proportional h, of the output 
voltage opposes the effect of the control voltage and therefore 
it follows that according to the diagram a proportion h, of the 
supply voltage should oppose the control voltage during con- 
ducting periods. 
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This has already been found to apply to the transductor ; for 
example, when core (A) saturates a fraction of the supply 
voltage opposes flux changes in core (B) due to the control 
voltage so that: 


dd p Yr EAN I 
Ne ee I a a er ee t 3.34 
cH Pia, Nec bay (equation ) 
N ag 
d putti = - ° 
and putting y, Fa se ra R. 
gives | n, fs 4 = [E, — hf}. 
Ye 


Thus during conduction the control voltage is opposed by the 
component h,#, and since the supply voltage considered over 
conducting periods is equivalent to the output voltage it may be 
said that the control voltage is opposed by a fraction of the output 
voltage h,¢,. 

In the general case the mean output voltage €, gives rise to a 
mean current 7, flowing in the transductor windings and a current 
7, flowing in the load. When the load is resistive these two 
currents are equal, but otherwise their ratio to the voltage is 
given by the terms RF, and R,, respectively (see Chapter 6). 

The former term appears in the feedback loop and therefore, 
although the output voltage is applied to the load, the feedback 
is essentially that of the transductor current 7,. 

Thus, considering the operation in terms of currents and using 
the expressions for g, and h,, the block diagram may be redrawn 
to depict a current amplifier, in which case the input 7, is balanced 
against a proportion of the output 7, as shown in Fagure 4.6). 

It is not suggested that this particular way of considering 
transductor operation is anything more than one of convenience 
to those more acquainted with servo systems and negative feed- 
back amplifiers than with transductors, and from our point of 
view it is unnecessary to go further than the basic current gain 
equations to see that when no self-excitation is applied to the 
transductor the output current will be almost independent of 
everything excepting the input. This brings out the high 
impedance output of the transductor without self-excitation and 
the high degree of linearity normally associated with transductors 
operating under these conditions. If the self-excitation turns are 
made larger than the turns on the a.c. windings then the inherent 
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feedback term h, becomes negative, and 1 -++ g,h, tends to zero; 
when this occurs the device becomes unstable as described in 
section 3.16. 


4.8 Ampere-Turns Ratio 

The gain of the transductor may be expressed in terms of the 
ampere-turns ratio rather than of currents (Appendix 4), thus, 
for the case of a smooth control current (A = 1) 


Dp tah a oe. (4.21) 


3(9) 


where OS ae ee ee sg gp (422) 


and lim =? . . « (4.23) 


it is seen that the mutual inductance /,, is now replaced by the 
self-inductance L,,,, of an a.c. coil. 

Although the current or voltage amplification are convenient 
quantities to consider for design purposes, the ampere-turns ratio 
is more useful for the comparison of transductor characteristics, 
since the former may be given any value simply by variation of 
the control turns while the latter is limited by the characteristics 
of the core or the rectifier. The current amplification is, of course, 
equal to the ampere-turns ratio when the a.c. turns are equal to 
the control turns. 

The quantity g,, is the ampere-turns ratio for the case of 100% 
self-excitation. In practice it depends primarily upon the core 
materials, rectifier and load and is usually limited to a definite 
number which is seldom higher than 80 and with lower-grade core 
materials and rectifiers is often as low as 15 (Chapter 13). 

Thus it has been shown that the gain of a transductor may, in 
all cases, be expressed in the form 


__9 
1 + gh 
where the suffixes v, 1 and m refer to voltage, current and m.m.f. 


ratios respectively. The table at the end of this chapter summarizes 
the various ways of specifying transductor amplification. 
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4.9 The Control Characteristic 


The steady-state control characteristic is usually plotted in 
terms of the load current and the control current, sometimes the 
characteristic is generalized and it then applies to a given core 
material rather than a given transductor. It will be shown (section 
5.13) that in the case of a transductor with 100% self-excitation 
the control characteristic is approximately given by the core 
magnetization curve. In practice it is found that the charac- 
teristic corresponds quite closely to the descending portion 
of the hysteresis loop as has been demonstrated by Krabbe *” 
for auto-excited transductors (Figure 4.56). This may be 
explained to some extent on the basis of the facts so far 
considered. 

It has been shown that when the flux in a core is at its minimum 
value dg the only m.m.f. acting on the core is the control m.m.f. 
If the control circuit impedance is fairly large (A—» 1) the control 
current will be substantially constant throughout the cycle and 
will therefore define the flux ¢g according to the magnetization 
curve. When both cores are unsaturated this minimum flux will 
be just at negative saturation so that the corresponding control 
ampere-turns will be those necessary to produce this flux, i.e. 
— S®,. As the control ampere-turns are increased the minimum 
flux level dg rises until eventually it coincides with the positive 
saturation flux. When this occurs the transductor delivers full 
power to the load. 

As the minimum flux ¢g increases so also does the mean flux ¢, 
increase at half the rate with respect to control current, and the 
relation between the control ampere-turns and the mean core flux 
is therefore defined by the magnetization curve. Since the mean 
flux is proportional to the mean output voltage and hence the 
mean load current, it follows that the curve of load current plotted 
against control current will be of the same form as the mag- 
netization curve as shown in Figure 4.50. 

It is apparent that the amplification of a fully self-excited 
transductor can alternatively be derived from these considerations. 
Thus if the total change of output current is divided by the total 
change of control current, the mean current amplification is 
obtained, i.e. 

E,|Rq 
vt = 980 JN, 
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substituting for #,, and 8 gives 


which is the same result as that obtained previously for the special 
case of complete self-excitation. 

When considering the output change it was assumed that the 
minimum load current is zero, and therefore that the total range 
is given by the maximum output. This, of course, is not the case, 


flows 


x 
for when both cores are unsaturated a current equal to cae 
Sod fA aw 
in the load. This can be taken into account and the amplification 
is then found to be 


In general the simpler formula is sufficiently accurate for all 
purposes and the correction is usually not worth applying due to 
the limited accuracy with which the properties of the core can be 
predicted. 


Factors INFLUENCING THE CHARACTERISTICS OF 
SELF-ExcIteD TRANSDUCTORS 


The characteristics of self-excited transductors are almost 
identical to those of auto-excited transductors. The latter are 
described in the following chapter and the influence of circuit 
parameters and components will be discussed at that stage. 
There are, however, a few points worth mentioning here which 
arise in practice and follow directly from the results of the previous 
sections. 


4.10 Proportion of Self-Excitation 


The effect of various proportions of self-excitation are illustrated 
by the curve in Figure 4.7. These curves apply to a mumetal- 
cored transductor with resistive load, details of which are given 
below : | 

a = 675 xX 10-4 m?. (-675 sq. em.) 

1 = -086 m. (8:6 cm.) 

N, = 500 turns 


a 


Lig 
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0 20 40 60 8 0 120 140 
—» Contro! current i, (milliamperes) 
Figure 4.7. Control characteristics for self-excited transductor using mumetal 
cores and various degrees of self-excitation (gm = 60). 


(a) hm = 0. 
(b) hm = +03. 
(c) lm = -06. 


(d) hm = 1-0 (lower abscissa scale). 


N, = 500 turns 
N, = 470, 485, 500 turns 
R, = 800 ohms (with self-exciting windings) 
RR, = 650 ohms (without self-exciting windings) 
R, = 500 ohms 

f = 400 c.p.s. 


Ei. = 75 volts. 


When the transductor is fully self-excited (curve (a) ), the form 
of the characteristic closely resembles that of the magnetization 
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curve (section 4.9 and 5.13). The linear range is limited, the points 
x and y defining where the slope has decreased to two-thirds of its 
maximum value. Two factors limit the useful range of the 
transductor with self-excitation, firstly, the total circuit resistance; 
this includes that of the feedback rectifier and windings and 
therefore reduces the maximum current which can flow in the 
load for a given supply voltage. Moreover, as the self-excitation 
is increased, the form of the curve more nearly resembles that of 
the magnetization curve which itself shows marked non-linearity 
even at flux densities considerably below the saturation value. 
In the present example the current amplification is the same as 
the ampere-turns ratio and the maximum slope corresponds to a 
value of g,, = 60. Curves (6) and (c) are for the same condition, 
but with the feedback turns reduced to 485 and 470 respectively, 
for which h,, is -03 and -06. The maximum slope of these curves 
is correspondingly reduced to 21-5 and 13, the linear range of 
curve (c), on the other hand, is nearly double that of curve (a). 
Curve (d) (lower abscissa scale) shows the control characteristic 
for the same transductor without self-excitation (h,,= 1). In 
this case the ampere-turns ratio is not quite unity; the linear 
range, however, is three times that of the transductor with 
complete self-excitation. 

The minimum useful load current occurs at the points marked 
(x), and when operating under practical conditions some means of 
balancing is usually incorporated in such a way that this value 
corresponds to zero output. The maximum useful load current 
which occurs on the characteristic at the points (y) is then given 
by the difference between the load current at (y) and the load 
current at (x). The useful power output P is proportional to the 
square of this difference. 

In section 2.8 it was shown that the product of the power 
amplification and power output were a constant for a given 
transductor without self-excitation, and it was further shown in 
section 3.14 that this product is considerably increased by applying 
self-excitation. In the latter example, however, no account was 
taken of the reduced range due to poor linearity. In the present 
example the useful power output is reduced by a factor of 
about 9, while the power amplification is increased as the square 
of the ampere-turns ratio, i.e. g*, = 3,600, thus the product of 
power amplification and power output over the linear range has 
increased by a factor of 400 for a given core size. 
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4.11 Load Resistance and Power Amplification 


When considering the transductor with complete self-excitation 
it has been. shown that the current amplification is inversely 
proportional to the total resistance in the a.c. circuit including 
that of the feedback rectifier and windings, unlike the transductor 
without self-excitation in which the current gain is found to be 
almost independent of 
the a.c. circuit  resis- 
tance. The effect of the 
resistance on the gain is 
shown in Fvgure 4.8, in 
which the resistance Ff, 


a) 
> 
© 
S 


~ 
an 
—) 
S 


: 1 
is plotted against —— 
gain 


for three different con- 
ditions of operation. 
Curve (c) shows the effect 


~ 
S 
=) 
S 


ecback circuit resistance Ry (ohins) 


& Nokes of variations of resistance 
8 Shift of when no self-excitation 
3 abSCISSA . : : 
S500 scale is applied. The ampli- 
S| fication only varies by 
8 about 5% for changes of 
iN resistance from 0 to 
a as itt «C2, 000 ohms, while in 

soo S Sasgccgek ‘ 
So 6 SS es case (a), which corres- 
Current amplification ponds to 100%  self- 


Figure 4.8. Curves showing effect of circuit @Xcitation, the gain is 
resistance Ry on the current amplification of proportional to 1/R,. 
a transductor with various degrees of self- 2 


excitation. The fully self-excited 
(a) hm == 0. transductor may in fact 
(0) hm = +03. be considered as a 


(c) hm = 1-0 (abscissa scale shifted to the left). 
voltage generator (sec- 


tion 5.14), the e.m.f. of which is proportional to the control 
current or the control voltage and the internal resistance equal 
to the total resistance of the output circuit excluding the load. 


Thus : A, =f, +17, » «  « (4,24) 
and for zero load resistance the mean alternating current is given 
by the mean output voltage divided by the internal resistance 


i, = i, ow (4.25) 
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If the output is connected in series with a load R, then the 
current flowing in the load will be reduced as the resistance of the 
load increases. For a given transductor the maximum power 
output at a fixed control current occurs when the load resistance 
is matched to the internal resistance, i.e. when 

p=? 

Thus in the case of the fully self-excited transductor maximum 
power amplification and maximum power output both occur 
when the load is matched to the transductor. 

As the proportion of self-excitation is reduced, however, the 
inherent negative feedback increases due to the increased demands 
from the control circuit for ampere-turn balance. As we have 
seen the negative feedback tends to stabilize the mean output 
current and the output impedance of the transductor progressively 
increases. The mean output current on no load (neglecting the 
constant term) is given by equation 4.17 which may be written 


_ 2 wl ate 
VS 
° ce (1 oi Gli) 
The denominator of this equation is the internal impedance which 


has increased by the factor (1 + g,h;). In the case of an unself- 


2 whey 
excited transductor this is equal to ( + - ro) and therefore 
TT 


H 


p SINCE == tw ve = (4526) 


the internal impedance is 9 
t, t—-Xaw 
WT 


4.12 Limitations due to the Self-Excitation Rectifier 


The characteristics of the self-excitation rectifier often place 
severe limitations on transductor performance and the conditions 
under which these rectifiers operate are therefore relevant factors 
in design. This will be considered more fully in the following 
chapter, but a few points will be mentioned here. So far, the 
rectifier has been considered ideal, and when the transductor is 
conducting it has been assumed that the ratio of the alternating 
ampere-turns to the self-exciting ampere-turns is given by the 


: eee 
corresponding turns ratio —. 


Ny 
To be exact, however, this should be expressed fully as the 


~_ 


N 
ratio a W. and it immediately becomes clear that if the self- 
ULV 7 
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exciting current 7, does not bear a constant relationship to the 
mean. current in the a.c. windings 7, then this ratio will vary, and 
will, in fact, be equivalent to an apparent change in the number 
of turns on the self-exciting winding. Referring to Migure 4.3c, if 
the rectifier is considered to have a reverse resistance, then during 
the conducting period part of the alternating current will not be 
routed through the self-exciting windings, but will be by-passed 
through this reverse resistance, so that for a given control current, 
the self-exciting current will be numerically less than the current 
in the a.c. windings, and complete self-excitation would not be 
obtained even with N, = N,. If the reverse resistance of the 
rectifier were reliably constant, however, this would not matter 
unduly, since the turns on the self-exciting windings could be 
increased by an appropriate amount to compensate for the loss 
of current fed back and thereby maintain the required m.mf. for 
self-excitation. | 

Unfortunately, however, the reverse resistance is a function of 
the reverse voltage on the rectifier (Frgure 4.2) which will in turn 
depend upon the input signal. Therefore, if the transductor is 
arranged to be stable at all parts of the characteristic it may, unless 
suitable precautions are taken, suffer from severe non-linearity 
due to changes in the operating conditions of the rectifier. 

The quantity h,, in the expression for the ampere-turns ratio of 
a self-excited transductor may be written in full as 


__ 1,N ao 0,N f 
a WN 
and in the case of complete self-excitation this is not zero as 
previously assumed, but equal to 


h 


ae 
hm = —=—’, since N, = N 
va 


a’ 


Also if 1, changes by + 62,, then assuming 2, is approximately 
equal to 7, we have 

Ot, 

ae. 

The curves (2) and (6) in Figure 4-7 show that if the self- 
exciting current were to change by 3% the gain would change by 
a factor of nearly 3, and it is therefore clear that unless special 
precautions are taken, the characteristic will become seriously 
non-linear. Ifthe m.mf. ratio is excessive, then variations in the 
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rectifier become more serious. Provided the reverse voltage on 
the rectifier is small, the reverse resistance does not vary unduly 
(Figure 4.2), and it is found that if the rectifier reverse voltage is 
kept to within a certain value (section 5.16), depending upon the 
type of rectifier used, non-linear effects due to the rectifier are 
usually no more significant than effects arising due to the non- 
linear magnetization curve of the core. In addition to non- 
linearity, however, similar parasitic effects arise due to ambient 
temperature variations which also influence the reverse charac- 
teristics of metal rectifiers; this gives rise to zero drift and gain 
drift (see Chapter 11). | 

The above considerations all show that it is most important to 
know the maximum reverse voltage which appears across the 
elements of the self-exciting rectifier. 

The reverse voltage across the rectifier is considered in relation 
to the waveforms in Figure 4.9a and b. Curve (a) shows 
dotted the current in the self-exciting coils for various conditions 


Voltage drop across 
ac. windings oe 


Len ko 


Voltage drop in self-= 

exciting windings = 

reverse voltage on 
rectifiers 


Figure 4.9. Curves showing reverse voltages on self-excitation rectifier. 


(a) Self-exciting current (dotted). 
(6) Curve showing division of supply voltage throughout cycle. 


of control circuit impedance, and curve (b) shows the distribution 
of voltage across the circuit elements during different parts of 
the cycle. 

Case (1). Low Control Corcut Impedance. When the control 
circuit impedance is small (section 4.2) the current in the self- 
exciting windings follows curve (1) in Figure 4.9a and is always 
numerically equal to the load current (full line). Over the period 
~=—Otot=t, (figure 4.96) both cores are unsaturated. The 
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impedance across the d.c. terminals of the rectifier is very small, 
however, since the control circuit has a low impedance which can 
be referred to the self-exciting circuit and considered to appear 
across the windings (Ligure 4.3b). Due to the large impedance 
in the a.c. circuit, the alternating current is small, and although 
two of the rectifier elements are non-conducting, the reverse 
voltage across their terminals is a negligible proportion of the total 
applied voltage which is equally divided between the two a.c. 
windings (figure 4.9b). When one of the cores saturates at 1,, 
however, the whole supply voltage is available to drive current 
through the circuit resistance. Part of this resistance, that of 
both the self-cxciting windings, is in the d.c. circuit of the rectifier, 
however, and therefore a proportion 2r,,,/R, of the total supply 
voltage will appear across the non-conducting elements as a 
reverse voltage during the conducting period; this is shown by the 
shaded area in Migure 4.96. 

Case (2). High Control Circumt Impedance. If the control 
impedance is infinite and that of the self-exciting circuit small, 
then the current 2, follows curve (2) ; throughout the unsaturated 
period all four valves are therefore conducting and the reverse 
voltage is zero. During the saturation period the conditions are 
the same for case (1). 

If the self-exciting circuit has a high resistance the rectifiers 
will not be relaxing throughout the non-conducting period, and 
during the period when forcing occurs (curve 3) it can be shown 
that a reverse voltage of half the supply voltage appears across 
non-conducting rectifier elements. It must be remembered, 
however, that these conditions are only applicable if the control 
circuit impedance is very large.“ This would be true if the 
control source were a pentode valve, for example, and when 
operating under these conditions it is necessary to take steps to 
ensure that the self-exciting rectifiers are not being overrun in 
terms of reverse voltage. 

Although the resistance of the control circuit has been stressed 
as being the important consideration, in actual fact this is only 
true for a given inductance and the important consideration is 
the ratio of resistance to inductance which may be expressed as 


| nay 
the ratio RE 
doubled, the resistance will increase by a factor of four, but the 
same mode of operation will apply. In practice it is found that 
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the reverse voltage on the rectifier should be calculated on the 
basis of the resistive voltage drop in the self-exciting windings; 
further considerations are discussed in relation to the auto- 
excited transductor. 


4.13 Connection of Load in Self-Excitation Circuit 


Up to the present the load has been considered to be connected 
in series with the a.c. windings, a separate rectifier being used to 
rectify the load current when necessary. The load may, however, 
be placed in series with the self-exciting windings, in which case 
the load current is already rectified by the self-excitation rectifier. 
At first sight this appears to be a desirable arrangement since 
only one rectifier is required. It will be remembered, however, 
from case (1) in the previous section that the reverse voltage 


nes 
appearing across the rectifier was a fraction —” of the total supply 
voltage where 27,,, was the resistance in the self-exciting circuit. 


In the present case the total resistance includes the load and is 
therefore equal to 2r,, + &, so that the reverse voltage 


2 Fy 
(21'p wb x) H, is very nearly equal to the supply voltage. 


In order to underrun this rectifier adequately for good linearity 


and zero stability, a comparatively large number of discs would 
be required in each rectifying element, which would be quite 
unnecessary for the load rectifier if it did not also have to perform 
the functions of the self-excitation rectifier. Therefore, for the 
same performance, the rectifier unit would be more costly and 
larger than if separate rectifiers were used. In addition, if a large 
number of rectifier discs are employed, the forward resistance 
increases and the circuit efficiency becomes smaller. There is, 
however, one advantage of this circuit which is often important, 
this relates to the dynamic performance of the transductor, which 
will be considered in Chapter 8. It has already been mentioned 
that when a control voltage is applied to the control circuit, the 
growth of flux in each cycle can be delayed due to the slugging 
action of the self-exciting windings. When the control circuit 
time-constant is very small, the time-constant of the transductor 
is primarily governed by that of the self-excitation circuit. 
Therefore, if the load is included in this circuit the time-constant 
will decrease and more rapid response of the transductor will be 
obtained. 
121 
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CHAPTER 5 
TRANSDUCTORS WITH AUTO-EXCITATION 


UTO-EXCITED transductors*” are now frequently employed 
Au place of the circuits using self-excitation. Although the 
circuit principles are almost the same as those applying to the 
latter, the performance, size and cost of transductors using auto- 
excitation are, in general, more favourable. A description of the 
auto-excited transductor will now be given followed by a discus- 
sion of the practical limitations which in most cases apply equally 
to transductors using self-excitation. 


5.1 Circuit Operation of Auto-Excited Transductor 3(), 5() 


When considering the transductor with complete self-excitation, 
it was shown that the main function of the self-exciting windings 
is to provide ampere-turns to the unsaturated core which just 
balance those due to the alternating current during the conducting 
period. The result of this is that during conducting periods the 
total alternating m.m.f. in the unsaturated core is zero. In the 
complete absence of self-excitation it has been pointed out that 
the balancing ampere-turns are provided by a current which flows 
in the control windings and is drawn from the control source, 
thereby limiting the ampere-turns ratio to unity. 

In the auto-excited transductor, the circuit is arranged in such 
a way that alternating current is prevented from flowing in the 
coil on the unsaturated core. This removes the possibility of 
large induced currents in the control circuit and makes the 
transductor behave like one with complete self-excitation. 

The circuit of a conventional auto-excited transductor is shown 
in Figure 5.1b. The control circuit is the same as for the self- 
excited transductor. The a.c. windings are connected in parallel 
and the supply is fed in at the points HJ. On positive half-cycles 
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the current is routed through the coil #F, and on negative 
half-cycles through GC due to the rectifier elements (1) and (2). 


Figure 5.1. Self- and auto-excited transductors. 


(a) and (b) Circuits showing conditions for equivalence. 
(c) Auto-excited bridge (Group 2) connections. 


Thus during conducting periods only the coil on the saturated 
core is subjected to the supply voltage and hence no induced 
current can flow in the control circuit since one core is saturated 
and the supply to the other is cut off. The load is placed in the 


124 


Transductors with Auto-Hacitation 


main circuit, it may be either an a.c. load as shown, or fed 
through a separate bridge rectifier. 

An a-ternative connection, available when a d.c. load is required, 
is shown in figure 5.1c. In this case two more rectifiers are placed 
between the common point J and the auto-excitation rectifiers (1) 
and (2). The load is placed across the terminals PQ and the other 
supply line is connected to the common point of the two coils at H. 
During a positive conducting period core A saturates and current 
flows along the path JMPQNHH. Elements (2) and (4) are cut 
off and therefore no current flows in the coil linking core B; the 
direction of the load current is from P to Y. During negative 
conducting periods core B saturates and current flows through 
HCMPQNJ while the rectifier elements (1) and (3) are cut off ; 
the current again flows through the load from P to Q. 

Returning to Figure 5.16, itis seen that the closed circuit 
MNEC contains both a.c. windings and two rectifiers. During 
unsaturated periods this circuit could maintain a current in one 
direction if the total inductance in the circuit were large and both 
rectifiers able to conduct. These conditions will apply if the 
control circuit resistance is sufficiently high (p. 101), otherwise a 
current is induced in the control circuit during unsaturated 
periods, and, as in the case of the self-excited transductor, no 
relaxation can take place. 

Let us consider the waveforms of voltage and current for the 
auto-excited transductor in which the conditions of complete 
relaxation apply to the rectifiers (1) and (2) during non-conducting 
periods, and the load is assumed to be resistive. 

A control voltage #, is applied and after several cycles the 
transductor reaches a steady-state of operation where cores A 
and. B saturate on alternate half-cycles due to the mean flux level 
produced by asignal. On positive half-cycles rectifier (1) conducts 
and the supply voltage is applied to the a.c. coil on core A; 
similarly on negative half-cycles the supply is applied to B while 
rectifier (1) is cut off. 

Thus during the latter part of the first (positive) half-cycle of 
supply voltage shown dotted in Figure 5.2a, core A is saturated, 
element (2) is cut off and the whole supply voltage corresponding 
to the shaded area is available to drive current through the circuit 
resistance; the load current is therefore large and equal to the 
current in the a.c. coil A, it is also in phase with the supply 
voltage. Asthe supply voltage decreases towards zero, the current 
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Figure 5.2. Waveforms of currents and fluxes for auto-excited transductor. 


(a) Load current. 

(6 and c) Components of a.c. coil currents. 
(d and e) Coil currents. 

(f) Core fluxes. 


eventually reaches such a value that the total m.m.f. in core A is 
less than that required to saturate the core. When this occurs at 
a time tg, core A desaturates and a component of current is 
maintained round the closed circuit HCMN by the self-induced 
e.m.f. due to the inductance of the coils in series. It is assumed 
that this component does not decay appreciably during the period 
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when both cores are unsaturated due to the large effective 
inductance in the closed circuit and it follows that both rectifier 
elements (1) and (2) conduct over this interval. 

The voltage #,, which has changed sign, is therefore applied to 
both coils in parallel and the load current which is now small 
divides equally between the two a.c. coils ; the current in each 
element may therefore conveniently be considered to consist of 
two components. A direct circulating component 7,/2, which is 
numerically equal to half the load current during conducting 
periods, but constant when both cores are unsaturated, and an 
additional component which is equal to half the load current. 
The latter changes sign every half-cycle and flows in opposite 
directions in the two coils while the former always flows in the 
same direction, thus at all times we have 


t 1 
current in coil A = tte (5.1) 
‘ . Vy =a Va 
current in coil B = ar sae S os « #62) 


where i, changes sign every half-cycle. 

It should be noted that the circulating current 1,/2 is introduced 
as a convenient conception. During conducting periods the actual 
current in the unsaturated coil is equal to zero. It is supposed, 
however, that the coil current is equal to the difference between 
the circulating current and half the load current. During con- 
duction these currents are equal in magnitude and therefore the 
resultant is zero. 

The components of current are shown in Figure 5.26 and c, 
while the resultant coil currents are shown in d and e. Over 
the interval following tg, core A departs from saturation while 
core 6 proceeds towards saturation from the minimum flux 
level ¢g, these flux changes therefore cancel and produce no 
resultant e.m.f. in the control circuit. 

Core B saturates when the negative area under the voltage-time 
curve corresponds to the necessary flux change; this occurs at a 
time 7’/2 + ¢, at which stage the current in the a.c. coil A becomes 
zero and the rectifier (1) cuts off so that current flows through 
the load and coil B and is limited only by the circuit resistance. 

The flux changes occurring in the cores are shown in 
Figure 5.2 f. Over the interval from ¢, to fg the current in 
the coil B, Figure 5.2e, is zero and therefore any flux existing 
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in the core over this interval is due entirely to the control m.mLf. 
The curves shown in Figures 5.2d and e are proportional to the 
alternating m.m.f.s in cores A and B. 

As in the self-excited transductor, the mean load current 
depends upon the saturation time ¢,, which is determined by the 
minimum level ¢g reached by the flux in the previous half-cycle 
and, as shown above, this is given by the control current only. 

The flux in core B starts increasing from dg at time tg. Simul- 
taneously the flux in core A starts decreasing from the saturation 
value. This latter decrease of flux occurs in two parts. The first 
part, from fg to (¢, + 7'/2), is due to the combined action of the 
control voltage and supply voltage (since rectifier (1) is conduct- 
ing). ‘The second part is during the conducting period when the 
rectifier element (1) is cut off and therefore the further slight 
decrease of flux to ¢g is due only to the voltage-time applied from 
the control circuit. This flux change, which is linear with respect 
to time, is comparatively small if the power amplification is large, 
as for the self-excited transductor. 


5.2 Similarity Theorem for Auto-Excited Transductors 


From the preceding discussion it is evident that the auto-excited 
transductor is, in many respects, identical to the series trans- 
ductor operating with complete self-excitation (NV, = N,). 

Furthermore, just as the self-excited transductor consists of three 
circuits, namely the control circuit, the a.c. circuit and the self- 
excitation circuit, so also does the auto-excited transductor consist 
of a control circuit, an a.c. circuit and a closed circuit ECM Nrespec- 
tively. ‘The latter corresponds to the self-excitation circuit closed 
through the terminals IN of the bridge rectifier (Figure 5.1a), 

If an auto-excited and self-excited transductor are connected 
to equal supply voltages L,, equal control voltages #,, and deliver 
power into equal load impedances Z, then it may be shown that 
the external electrical characteristics are identical in all respects 
provided appropriate circuit constants are introduced. Thus, 
considering the circuit in figure 5.1b, the following numerical 
values of the circuit constants are applicable :— 


(1) Number of turns on each a.c. coil uN, 
(2) Number of turns on each control coil =a dN 
(3) Resistance of each a.c. winding =e oe 
(4) Number of rectifier discs in each element = S} 

(5) Resistance of control circuit =a 1 
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It is shown in Appendix 5 that this circuit has the same external 
electrical characteristics as a fully self-excited transductor to 
which the following circuit constants apply numerically : 


(1) Number of turns on each a.c. and self-exciting = 4N, 


winding 
(2) Number of turns on each control winding = Ni 
(3) (a) Resistance of each a.c. winding 224 ts 
(b) Resistance of each self-exciting winding =r 
(4) Number of rectifier discs in each element of the _ 1g! 
bridge i 
(5) Resistance of control circuit ie ei 


In common with these conditions is of course the added require- 
ment that the cores are identical in both cases. 

The circuit in Figure 5.1b has been termed the group (1) 
connection for auto-excited transductors, and the circuit (c) the 
group (2) connection. * The latter is similar but not identical to a 
self-excited transductor in which the load is connected in series 
with the self-exciting windings. 


5.3 Current Amplification of Auto-Excited Transductor 

From the preceding theorem an expression for the current 
amplification can be written down. 

If M’, is the numerical value of the mutual inductance between 
an a.c. coil and control coil in the auto-excited transductor, the 
mutual inductance in the equivalent self-excited transductor is 
M', | 

oo 

The current amplification for the auto-excited transductor is 
given by analogy as that of the equivalent self-excited transductor, 
and from the results in the previous chapter this is 


_ 2 ee Mea) 
‘a (Ry + 75) 
1 owl, 


een 


a (Ry +t) | 

Now the numbers N/, N;, 7/,,, etc., apply to the auto-excited 
transductor. They have exactly the same meaning in relation to 
the windings and cores, however, as the symbols N,, N,, ra», etc., 
in Chapter 4 for the self-excited transductor. } 

There is no reason, therefore, why the latter set of symbols 
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should not be used since, for example, both NV, and Nj, denote the 
number of a.c. turns on a core. Using these symbols, the general 
expression for the current gain G', of the auto-excited transductor 


is given by : Pie 1 oM eg | _ Vi (5.3) 


Thus for an auto-excited transductor the current amplification 
is seen to be one-half that obtained for a fully self-excited trans- 
ductor having the same turns on the coils. In the former case, 
however, if both transductors are wound with the same wire, the 
internal resistance is only one-quarter that of the latter ; in 
addition, the full winding space is not utilized, since there are no 
self-exciting windings. 

The operation was considered in section 5.1 on the assumption 
that the control circuit impedance was sufficiently high for a 
constant circulating current to flow round the path ECMN when 
both cores were unsaturated, thereby maintaining the rectifiers 
in the relaxed condition and making A = 1. If, however, the 
control circuit resistance of the auto-excited transductor is low, 
then, once again, by analogy with the equivalent self-excited 


transductor : 2 wM 


Go ee eee ee 
: 2+a&,+7, 


5.4 Ampere-Turns Ratio of Auto-Excited Transductor 
The ampere-turns ratio (section 4.8) is obtained from the 
current amplification and the turns ratio, thus for the auto- 
excited transductor : 
Gn Nal oMeg _ 1 oli _ ~, , . {B.4) 
Now(hi+97,) 7 (fp +7) 
The ampere-turns ratio of the equivalent self-excited circuit is 
only half this value since the self-inductance is 4 Lj,,,, ie. 
2 ot Lin) 11 wi, 
" ag@ Rp tr, 2aRpt+r 
This apparent anomaly does not invalidate the similarity theorem, 
however, since the ampere-turns ratio is purely an internal 
characteristic which is introduced as a convenient ratio by which 
to assess transductor performance, and has no more significance 
than the fact that the turns on the a.c. windings are not equa! in 
the two equivalent circuits. 
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3.2 Output Impedance of Auto-Excited Transductor 


If the load is resistive the total circuit resistance defined by R, 
will be the internal resistance r, plus the load R,. In the equi- 
valent self-excited transductor r, is equal to the total resistance 
in the a.c. and self-exciting windings, plus the forward resistance 
of two arms of the bridge rectifier, 1.e. 

Tg Sia) a 2(383) (Yap) 
= Tay +8 1 "or 

By analogy, therefore, this is the internal resistance of the auto- 
excited transductor, namely the resistance of one a.c. winding and 
the corresponding auto-excitation rectifier containing S, discs. 

Using the general symbols, this is 

Te =Vow 1 Sif ar 

If the load #, is placed across the d.c. terminals of a bridge 
rectifier, the impedance of the load rectifier should be added to the 
internal impedance in the above equation. 


5.6 Transductors with Parallel Connected A.C. Windings 


A special case of the similarity theorem arises when the self- 
excitation and auto-excitation rectifiers are all short circuited 
(this is a permissible condition since a general rectifier charac- 
teristic was assumed in proving the theorem). From this it 
follows by inspection of Figures 5.la and 6 that a transductor 
with parallel connected a.c. windings and no self or auto-excita- 
tion is equivalent to one with series connected windings having 
half the turns and an additional pair of windings which are 
inductively coupled to the control windings and short circuited.° 
The effect of these shorted coils leads to slugging of the response 
(section 8.4) and therefore the transductor with parallel windings 
has a much longer response time than one with series connected 
windings. 

Since the current amplification of the equivalent series trans- 


; 


ductor in the steady-state is equal to the turns ratio in’ this 


must also be the current amplification of the parallel transductor. 
Using the general symbols it therefore follows that the current 


gain of the parallel connected transductor is given by 
N 
7 
G; N, 
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which is twice that of a series transductor with the same number 
of turns. 

- The supply voltage for the parallel transductor may also be 
obtained by analogy with the equivalent series transductor thus : 


E., = 8, f (Nj/2) (see equation 4.15a) 


Le. HL, =40,f Nj 
or using the general symbols 
Eqs ai 4D f Ng 


which is half that applicable to a series transductor with the same 
number of turns. Therefore, if the a.c. windings of a given trans- 
ductor are connected in parallel rather than series, the current 
gain is doubled while the voltage gain is halved. The power 
gain is the same but in the former case an additional time delay 
is introduced. This is due to the closed circuit formed by the 
a.c. windings connected in parallel which introduce an additional 
slugging effect. 


5.6 Gain Adjustment by Feedback 


The voltage or current gain of the auto-excited transductor is 
dependent on the mutual inductance /,,, while the ampere-turns 
ratio is dependent upon the self-inductance L,,,. As in other 
types of amplifier the gain can be varied by introducing either a 
positive or a negative feedback. In the transductor with self- 
excitation it was shown that such a feedback was automatically 
introduced if the turns on the self-exciting winding were not 
equal to the turns on the a.c. winding, and only in the special case 
of 100% self-excitation where the turns were equal was the gain 
of the circuit equal to g, otherwise the gain was 


9 

~ 1+ gh’ 
The feedback is positive if N, > N, making h negative, and the 
feedback is negative if N; << N,, so that h is positive. 

In the auto-excited circuit, ignoring rectifier leakage, the value 
of the feedback factor h for the ampere-turns ratio is zero; it may, 
however, be introduced with either a positive or a negative sign 
by the addition of a small number of extra turns on each core 
connected in series and inductively coupled to the control 
winding. 
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When dealing with the auto-excited circuit the symbols g’ 
and h’ will be used with suitable suffixes thus : 


The effect of negative feedback will now be considered with 
reference to the m.m.f. ratio; from this one may easily deduce 
the current or voltage amplification for a resistive load if required 
thus : 


Lohan _ 
mmf, ratio G, = tN a thats) Im 
vv . Lo I WL gy AI l+g) hi, 
eh gt) 
GinV 
t gal ee 
current gain G, N, 
° GN Ry -+- r 
It sees ai eterno eg 
voltage gain G’, N, R, 


Feedback may be applied to an auto-excited transductor from 
the a.c. circuit through a bridge rectifier as shown in Migure 5.3a. 
The arrows marked 7,N, show the direction of the m.m.f.s due 
to the control windings (not shown), and it is seen that in this 
case the feedback is positive since it introduces ampere-turns 
1,N, which aid the control. Negative feedback can equally be 
introduced by reversal of the windings. The turns N, correspond 
to the difference between the a.c. and self-exciting turns in the 
self-excited transductor. 

Thus : N 

hi}, =, cf. equation 4.23  &. S18) 


where the negative sign applies to positive feedback and the 
positive sign to negative feedback. The circuit in Figure 5.3a 
may alternatively have the load connected in series with the 
feedback windings, which will in general have only 1% or 2% of 
the a.c. turns. 

An alternative feedback circuit is shown in Figure 5.36. In 
this case the feedback windings are connected as a group (2) load. 
The main load can be either in the a.c. circuit or in series with 
the feedback. 

The circuit shown in Figure 5.3c has the advantage of not 
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requiring a feedback rectifier. In order to understand this 
circuit each a.c. coil may be imagined to be divided into two 
windings : a coil having NV, — N, turns immediately in series 
with another coil having NV, turns making the total up to N,,. 
The latter portion of the a.c. coil together with the feedback 
coil N, on core B provides positive feedback ampere-turns 
1,.V, on each core which aids the control on positive half-cycles. 
On negative half-cycles the a.c. coil on core B and the feedback 
coil on core A are used. Using this circuit the effective a.c. turns 
are V., — N, and the feedback turns are N,, therefore 


If the feedback windings NV, are reversed then by considering 
the a.c. winding as divided into NV, + N, turns and — JN, turns 
the conditions then apply to negative feedback and 


h! = N, 
"N+, 


These and other similar feedback circuits were published originally 
by Krabbe. *” 

A very simple method of applying negative feedback to an 
auto-excited transductor is given in Figure 5.3d. This consists 
of a shunt resistor 7, placed across each of the auto-excitation 
rectifiers. The circuit is redrawn for a positive conducting 
period in Figure 5.3e in which the rectifier (1) is a short circuit 
and rectifier (2) an open circuit. The current divides at J, most 
going through the saturated coil and rectifier of resistance 
(Taw tar) but a small fraction through the shunt resistance 7,, 
the winding resistance and the resistance referred from the 
control circuit. For simplicity the latter component has been 
neglected and the forward resistance of the conducting rectifier 
considered as a part of the a.c. winding, whence the current in 
the a.c. coil B will be 

ad Taw ae Tar : 
l= es 
° 2(7 aw a Te) =F py . 

The resultant m.m.f. due to the a.c. coil A will therefore 
consist of a component 7,N, and a further component opposing 
this equal to 1,N, as shown. The m.mf. due to the a.c. coil B 
will be 2’ N,, the directions of these m.m.f.s being shown by the 
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arrows in Migure 5.3e. Thus negative feedback is provided by 
the current 7; and the feedback factor is given by 


N ha Taw ai Tar 
N ha 7 2(T aw Ze aa) oi Yy 

If r, is zero, then the feedback factor is a half and the circuit 
is that of a simple parallel connected transductor with an ampere- 
turns ratio equal to 2. It may be noted that almost the same result 
is obtained if the resistor 7, is placed across the a.c. windings as 
shown in Figure 5.3f. 

This method is limited to cases where a negative feedback is 
required; it can never be used to increase the gain of an auto- 
excited transductor. The chief advantage of this form of feed- 
back is its simplicity added to the fact that it can be applied to an 
existing transductor without internal modification; it is par- 
ticularly useful as a method of trimming when circuits are being 
finally set up. 


ho = 


. (5.6) 


5.8 Other Methods of Reducing Transductor Gain 


Methods of reducing the transductor gain described in the last 
section all depend upon reducing the m.m/f. ratio. 
The gain may also be reduced, however, by reducing the 
control turns for a given control circuit resistance or alternatively 
increasing the control circuit resistance for a fixed number of 
control turns. The ampere-turns ratio is independent of both 
these parameters and thus the current or voltage gain may be 
reduced without altering the ampere-turns ratio. This inevitably 
results in a mismatch between the signal source and the trans- 
ductor input and it will be shown in section 11.23 that such a state 
of affairs causes a deterioration of the zero stability. On the other 
hand this arrangement has a better dynamic performance. It 
will be remembered that, for a given supply frequency, the ratio 
of power gain to response time is proportional to the ampere- 
turns ratio and therefore if the gain is reduced by reducing this 
ratio the response time is not so short as it would be if the gain 
were reduced by adjustment of the control circuit parameters. 
Thus in this respect the design of a transductor is largely a matter 
of compromise, depending upon the application. 

The following example illustrates this : 

A transductor designed for a given set of conditions has a 
circuit power gain of 104, an ampere-turns ratio of 40 and a 
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time-constant of 0-2 seconds. Thus the ratio of circuit gain to 
time-constant 1s 5 + 104. Now the power gain actually required 
is 1,000, and this may be achieved either by reducing the m.m-f. 
ratio or by reducing the control turns but maintaining a constant 
control circuit resistance. 

By using feedback the m.m.f. ratio may be reduced by a 


— 40) 
factor of 10 to /10 The feedback h/, will be given by 


40 40 
4/10 1 + 40h, 


giving h/, = -054, 
The ratio of power gain to time-constant will be reduced to 


——~—— (equation 3-44) 


and since the gain is 1,000 the time-constant will be 


1,000¥Y 10 


5 xe 10! — -(63 seconds. 


Alternatively the gain may be reduced by reducing the control 


turns by a factor 10, this will not alter the m.mf. ratio, how- 
ever, and the ratio of power gain to time-constant will therefore 
remain the same, thus for a power gain of 1,000, the time-constant 
will be -02 seconds. 


5.9 Effect of Bias 


A constant biasing m.m.f. is often applied to transductors in 
order to operate them over a certain part of the characteristic. 
One of the effects of auto- or self-excitation is to produce a hori- 
zontal shift in the control characteristics due to the d.c. ampere- 
turns provided by the minimum load current through the auto- 
or self-exciting circuit. This shift is seldom that predicted by the 
theory (equation 4.20) and in practice the standing load current 
is usually higher than the theoretical value. For this reason it 
is not possible to predict exactly what the standing current will 
be and it is therefore desirable to supply a constant biasing 
m.m.f. to the core. This is readily achieved by supplying a 
constant current in an additional control winding having a small 
number of turns and fed through a high impedance in order to 
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avoid introducing extra time delays. If there are N, turns on 
the bias winding and the current is constant and equal to 7, 
then the bias current is equivalent to a constant control current 
equal to iN, 


N, 


(5.7) 


5.10 Power Amplification, Output and Efficiency 


The power amplification of an auto-excited transductor with 
resistive load may be expressed in terms of the current amplifica- 
tion, thus the circuit power amplification is equal to 


—_ LwM |" he 
G — E al ° R, ° . ° (5.8) 


while the useful power amplification is 


Q - (252) R,, 
a ee a lm 


The power amplification may also be considered more directly 
as the total power output divided by the total power input. As 
the a.c. fluxes vary cyclically at the supply frequency it has been 
seen that when the flux is set to the minimum value ¢g this flux 
is due only to the control m.m.f. (p. 127), and if the control current 
is smoothed, it must define the mean value of the control current. 

Now the minimum possible value for the flux ¢g corresponds to 
negative saturation and if, during a given half-cycle, the flux in a 
core reaches this value then in the following half-cycle there should 
be no output. The maximum possible value of ¢g corresponds to 
positive saturation and in this case the following half-cycle would 
be conducting throughout. 

Thus the full range of outputs from zero to maximum is given 
by the corresponding range of values for the minimum flux ¢g 
from negative to positive saturation. This is equivalent to a 
corresponding variation of control m.m.f. over the whole of the 
unsaturated range of the core. Now for a given core and winding 
area, a given m.m_f. is associated with a specific value of applied 
volt-amperes since i2N? oc 7. 2r,,, c Hi, (equation 2.16). 
Therefore the change of input volt-amperes required to 
produce the total change of output is fixed. The maximum 
power output is usually limited by heating of the windings, 
this is also a function of the core and coil geometry and therefore 
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a useful criterion for a transductor core can be expressed by the 
ratio ; 

maximum volt-amperes controlled in the output 

input volt-amperes required to saturate the core 


The maximum current which can be controlled in a given load 
depends upon the temperature rise which can be tolerated in the 
transductor and this in turn depends upon the current density 
and the actual power dissipated in the windings. 

Both the current density and the power generated are assessed 
from the r.m.s. current flowing in a winding. Thus if at maximum 
output the mean load current is 7,, the corresponding r.m.s. load 
current will be g7,, where q is the form factor (section 2.11). The 
power generated in a resistance r,,, will therefore be 


Viel a w* 
When applied to an a.c. winding, however, this current only flows 
for half the time in any one winding so the actual power dissipated 
in a single winding will be 


2022 cuit ge kOe 
9 q 046 Taw ak Taw 


Thus the r.m.s. current flowing in one a.c. winding is given by 
1’ where 


q 
a sat 5 ce s te, @ (O10) 


and q is given in equation 2.22. Ther.m.s. current 2’ is used when 
considering the current density in windings or rectifier ratings. 

The efficiency of auto-excited transductors is higher than that 
of self-excited transductors wound on the same cores. This can 
be seen by comparing the equivalent circuits in Figure 5.la and 
b. The winding HF in both cases contains the same weight of 
copper and occupies the same space since for a the turns are one- 
half and the resistance one-quarter that of 6. The self-excited 
transductor has two such windings, however, the a.c. winding 
and the self-exciting winding, while the auto-excited transductor 
has only one. The latter therefore has a vacant space on the core 
which can be filled with wire resulting in an a.c. winding having 
one-half the resistance and hence half the copper losses for the 
same number of turns. 

Originally the efficiency and therefore the losses in the two 
circuits were equal as shown by the similarity theorem, and 
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therefore if the auto-excited transductor were designed to make 
full use of the core, the copper losses would be halved. The 
required number of rectifier discs is proportional to the winding 
resistance (section 5.17), therefore the number of discs can also 
be halved, giving a complete unit which costs less and occupies a 
smaller space. The cost of winding and the winding space factor 
are also improved due to the smaller number of individual coils 
on the core making insulation problems easier. 


5.11 Optimum Supply Voltage 


The optimum supply voltage for the auto-excited transductor 
is one-half that for the self-excited transductor with equal a.c. 
turns ; this may easily be seen from the similarity theorem or 
alternatively from the fact that in the latter case two coils in series 
each having NV, turns are connected to the a.c. supply while in 
the former case each coil is across the supply. Thus for auto- 


excitation i, =4fN ©, =4afN,B, volts . . . (5.11) 


If the supply voltage is varied the maximum flux swing also 
varies and the effect of this may be seen as follows. By the end 
of any half-cycle the flux in an unsaturated core is set from 
positive saturation ®, down to the minimum value dg, and in the 
following half-cycle this flux is restored to positive saturation. 
When the supply voltage is maximum the flux ¢g can be given 
any value between negative and positive saturation, depending 
upon the control voltage; the former corresponds to zero control 
voltage and the latter to maximum control voltage (section 5.10). 

As the a.c. supply voltage is reduced, the minimum level to 
which the core flux can be set becomes less negative until for small 
supply voltages the minimum flux ¢g may be only just below the 
positive knee of the magnetization curve. In these circumstances 
the full range of control only occurs over this knee, in which case 
the slope is small and the characteristic non-linear. 

The effect of varying the supply voltage, and therefore the peak 
flux density, is shown in Figure 5.4 for an auto-excited trans- 
ductor operating at 400 c.p.s. and using mumetal cores for which 
a suitable design value for the saturation flux density is equal to 
-55 webers/M? (5,500 gauss). 

Curve (a) shows the amplification characteristic obtained 
when the supply voltage is too low. The maximum load current 
and the operating range are very limited, the gain is also reduced 
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corresponding to operation on the knee of the magnetization 
curve. As the supply voltage is increased, the range and the mean 
amplification increase until when K = 1 curve (c), the optimum 
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Figure 5.4. Curves showing the effect of various values of supply voltage for a 
mumetal cored transductor operating at 400 ¢.p.s. and using auto-excitation. 
(a) K = 0-4. (6) K = 0-6. (c) K = 1-0 (peak flux density = B; = 0:7 x ultimate 
saturation density). (d) K = 1-2. 
value of supply voltage H,, is reached. Curve (d) shows that if 
the supply voltage is increased further, the lower part of the 
characteristic becomes curved and the linear operating range 

therefore reduced as shown. 


5.12 Effect of Variation of Supply Frequency 


The most important effects of increasing the supply frequency 
of an auto-excited transductor result in an increased ratio of 
circuit power amplification to response time and simultaneously 
an increased output and efficiency for a given core size. 

It is shown in section 8.3 that the time-constant of an auto- 
excited transductor is approximately equal to one-half the time- 
constant of the control circuit considered as a simple inductance 


thus: 7 = m7 where Z,,, is the inductance of one control coil. 
c 
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Let us now consider an auto-excited transductor which is 
designed to deliver the maximum permissible output without 
over-heating. As the supply frequency is increased, the mean 
supply voltage which can be applied to the core increases pro- 
portionally. The load resistance must be increased in proportion 
to the supply voltage in order to maintain the same maximum 
current output and thereby limit the heat generated in the 
windings. Thus the maximum output has increased in propor- 
tion to the supply frequency, and since the ratio of the load 
resistance to that of the windings has increased, the efficiency 
has also increased. The same control power is required to pro- 
duce complete saturation, however, and therefore the mean power 
amplification has increased in proportion to the supply frequency. 


cw 


Furthermore, the time-constant equal to has not changed. 


c 

Thus, for a fixed time-constant, the output, the amplification 
and the efficiency have increased due to the increased frequency. 
Clearly, the increased amplification could be sacrificed for a 
correspondingly reduced time-constant by suitable redesign, e.g. 
by increasing the control circuit resistance. It is therefore 
evident that a high supply frequency is desirable. As the fre- 
quency increases, however, second order effects become pro- 
minent chiefly due to increased iron losses in the core which 
cause reduced amplification and increased control ratio. Effects 
such as these become important at frequencies above about 4 Ke/s 
when using cores of mumetal or permalloy C, but at considerably 
lower frequencies for silicon iron cores where losses are more 
pronounced. 

Even at frequencies over 1 Ke/s, however, it becomes increas- 
ingly necessary to allow for the effect of iron losses, and it is 
usually advisable to derate the design values for the sensitivity 
permeability » (Chapter 13) and saturation induction (Table 2, 
Chapter 13). Ferrites have been used at high frequencies, but 
their permeability and saturation induction are low compared 
with the nickel-iron alloys. The curves plotted in Figure 5.5 
show the effect of increasing the supply frequency. These curves 
are generalized as described in the following section and apply 
to a core made of H.C.R. metal. At high frequencies, the charac- 
teristic can generally be improved by reducing the core area and 
increasing the a.c. turns to enable the transductor to operate 
with the same load and supply voltage. 
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If the turns are increased, this results in an increased impedance 
of the a.c. windings when the cores are saturated. When the 
frequency is high, although the permeability of the saturated 
core is comparatively low, the reactive component of this 
impedance is generally more significant than the resistance of 
the windings. It has been shown *” that the maximum range of 
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Figure 5.5. General control characteristics for an auto-excited transductor 
using H.C.R. laminated cores (lamination thickness = -004 in.). 


(a) 250 cycles/sec. (6) 1,000 cycles/sec. (c) 1,500 cycles/sec. 


control is obtained when a balance is achieved between the iron 
losses and the saturated reactance of the a.c. windings, the 
optimum conditions are shown to apply when 


saturation reactance _ iron losses 
load resistance ‘total power output’ 
Other effects which become prominent at higher supply fre- 
quencies arise due to the self-capacitance of rectifiers.“ This 


allows an appreciable reverse current to flow through the rectifier 
valves and as the frequency increases germanium or silicon 
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junction type rectifiers give better results than the selenium or 
copper oxide type. 


5.13 Generalized Characteristics for Auto-Excited Transductors 


A convenient method of plotting the control characteristics of 
auto-excited transductors is obtained if the curves are generalized 
and related to the magnetization characteristic of the core 
material. So far the amplification has been expressed in terms 
of the core permeability through the mutual inductance. This 
has been assumed constant below saturation, but in actual fact 
the characteristic is non-linear. If it is assumed that the mag- 
netization curve of the core is expressed in the form B = ¥(H) 
where B is the magnetic flux density and H the magnetizing field, 
then the control characteristic for an auto-excited transductor 
can be derived in terms of this relationship from first principles 
by considering the flux waveforms in Figure 5.2f where it is 
seen that dg = ®, — 2¢, (approximately). 

In order to generalize the result for any core of a given 
material, the expressions should involve flux density rather than 
flux so that using the appropriate suffixes the above relation may 
be written down Bo = B, — 2B,. 


The flux density Bg applies to the unsaturated core and 
remains appreciably constant during the conducting period. 
This flux density corresponds to the control field H, acting at that 
instant. Provided the control circuit resistance is not too low (sec- 
tion 4.5), then by similarity with the self-excited transductor the 
control current will be smooth and therefore the instantaneous 
value of H, is approximately equal to the mean value H,, and since 
this is the only field acting on the core during the conducting period 

Y(H,) = B, — 2B, s %.. = Apeh2) 

The peak to peak flux change corresponding to 2B, is pro- 
portional to the mean voltage @, existing across the transductor 
windings giving 


ey Es = tak, 
2afN, 2afN, — 
also since H,, = 4afN ,B,. 
By substituting this gives 
— 2afN [P(A] , # 


va po — 2R, : 6 ; (5.18) 


A 
2B, = (see equations 1.23 and 3.37) 


a 
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Dividing by #,,/R, 
ig  __ ‘P(H,) 
(H,,/R,) 2B, 


Equation 5.13 defines the control characteristic for a given 
transductor with a resistive load; this corresponds to the relation 
previously obtained in equation 4.20 for self-excited transductors 
in which the permeability was assumed to be constant; it will 
be noted that the term which previously involved the mutual 
inductance and gave a constant slope to the characteristic is now 
replaced by the more general term which can only be defined 
when the magnetization curve for the core is known. By re- 
arranging the terms in equation 5.13 the relationship can be 
generalized so that it applies to any transductor employing a given 
core material as in equation 5.14. The characteristic of a trans- 
ductor may be obtained in this form by plotting the mean load 
current as a fraction of its maximum possible value H,,/R, and 
the control current as mean control ampere-turns per metre H,. 
If the magnetization characteristic is assumed linear, then 
when expressed. in its non-dimensionalized form we have 
Va jb jie ; 
(Hys/ftq) 2B Lt 
in which case the slope is given by the permeability divided by 
the total flux range for the core. 

Thus, to a first order, expressions of the form given in equa- 
tion (5.14) and (5.15) define the control characteristic of any 
auto-excited transductor using a given core material and operating 
with resistive load at the maximum supply voltage #,,. 

Second order effects, however, usually influence the shape of 
this characteristic, and assuming that the rectifiers are being 
used under favourable conditions the two effects which are most 
significant arise due to iron losses and the variation of core 
materials from one batch to another. The former varies primarily 
with frequency as discussed in section (5.12), but the latter effect 
cannot be predicted and may be considerable, often amounting 
to a variation in slope of 30% or 40% for a given magnetizing 
field. This variation affects the maximum current amplification, 
and it is to be hoped that materials will become more uniform as 
time goes on, otherwise if close design tolerances are required 
one must resort to designing on the basis of the worst charac- 
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teristic and, after manufacture, introducing a small amount of 
negative feedback with trimming resistors as described in 
section 5.7. 


5.14 Equivalent Circuit for Auto-Excited Transductor 


As in the case of the self-excited transductor, the auto-excited 
transductor may be considered equivalent to a voltage generator 
of internal impedance r, supplying an e.m.f. whose mean value 


1 
when rectified is equal to (* wM wn)Fe in series with a constant 
TT 


e.m.f. equal to (K — 4)#,, where K is the ratio of the actual 
supply voltage H, to the optimum supply voltage H,,. When K 
is made equal to unity as is normally the case, the e.m.f. of the 
equivalent generator is 


. (5.16) 


This leads to a useful equivalent circuit for auto-excited trans- 
ductors which is similar to the equivalent circuits which are 
often considered to apply to electronic valve amplifiers. If the 
constant terms are ignored, such circuits are of the form shown 
in Figures 5.6a and c. The circle around the voltage @, 
represents the transductor and a.c. supply (both assumed to 


Figure 5.6. Equivalent circuits. 


(a) Auto-excited transductor. 
(6) Electronic valve. 
(c) Transductor with external load rectifier. 


(a) Transductor (6b) Electronic valve 

e mV, 

ta anode current 
internal resistance 
amplification factor 
V, = grid voltage 


Ea = (“cla V6 volts 
or & = (2af Na) ¥(He) volts 


I I Ii 
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have zero impedance) ; the internal resistance r, is then con- 
sidered to be in the external circuit. 

In the presence of bias it is necessary to add another term to 
the voltage expression in equation 5.16. This will be a constant 
voltage and therefore the equivalent circuit e.m.f. including the 
signal and the constant terms are equal to 


_ 1 5. el Es 

Ce = * Mol 3 a | — 9° 

A more general expression for the e.m.f. of the equivalent 

voltage generator is given by the results in the previous section, 

in which case the generated voltage is shown to be non-linear 
with control current and is equal to 


2 afN ,[Y(H,)] volts. 


For a given transductor the maximum transfer of power to the 
load occurs when the resistance is matched to the internal resis- 
tance r, of the transductor. Under these conditions the thermal 
efficiency is only 50° and if the transductor is a large unit or 
operates at a high supply frequency the matched condition may 
lead to overheating (see Chapter 13). 

For a given load, however, the power transfer increases as 
the internal resistance 7, is reduced. Reduction of the internal 
resistance involves an increase of core size which may not be 
permissible. Furthermore, since the load and required maximum 
output are usually fixed, the supply voltage H,, will be fixed also 
and thus for a given supply frequency and core size the a.c. turns 
will be predetermined by equation (5.11). Ingeneral, therefore, the 
minimum core size is usually chosen from thermal considerations, 
ie. efficiency, and having done this the question of maximum 
power transferred does not arise. These considerations are 
further discussed in Chapter 13. 


LIMITATIONS DUE TO RECTIFIERS 


It will by now be apparent that the rectifier plays a vital part 
in the operation of both self-excited and auto-excited trans- 
ductors. It is therefore essential to know the more important 
limitations due to rectifier characteristics and in addition how the 
rectifiers should be used in order to have a minimum effect on 
the ultimate performance of the transductor. 
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5.15 The Load Rectifier 


When considering the load rectifier the foremost requirements 
are a high efficiency and reasonable consistency from one rectifier 
element to another. The latter need arises when transductor 
pairs. are used in push-pull when it is usually desirable to have 
available equally matched pairs of rectifier elements. 

Rectifier efficiency is expressed as the ratio of mean volt- 
amperes input to d.c. volt-amperes output on maximum rating, 
and the chief cause of rectifier inefficiency is due to the forward 
resistance of the rectifying element. This will obviously cause a 
reduction of transductor efficiency in addition to that due to the 
transductor windings alone, but will not contribute to the heating 
of the transductor itself unless both transductor and rectifier are 
sealed in the same box. A low forward resistance could be obtained 
with any rectifier by placing a number of elements in parallel; 
this, however, reduces the reverse resistance and increases the self- 
capacitance, both of which have undesirable effects. In general, a 
rectifying element should have a high ratio of reverse resistance 
to forward resistance, and this is a function only of the material. 


5.16 Excitation Rectifier 


The rectifier reverse and forward resistances are far more 
important when the rectifier is used for self-excitation or auto- 
excitation, and it then becomes necessary to consider the rectifier 
as forming a part of the amplifier itself. In order to consider the 
effect of rectifier characteristics, a practical rectifier can be repre- 
sented approximately as an ideal rectifier element in series with a 
resistance 7, and the combination then placed in parallel with a 
resistance r,. The resistances r, and r, represent the forward and 
reverse resistances respectively, provided r, > 7}. 

When used for auto-excitation or self-excitation, the forward 
resistance merely causes a slight increase in the internal impedance 
of the transductor being added to the resistance of the windings. 
This results in a slight loss of efficiency as was found for the load 
rectifier. 

The reverse resistance, however, tends to apply a negative 
feedback to the transductor, and if the reverse resistance is 7, the 
feedback term denoted by h/, is given from equation 5.6 by 


h’ pee ee Paw pe ie 


"ae tm) bre 
148 


Transductors with Auto-Hacitation 


Also, since the reverse resistance is generally large compared with 
the winding resistance and the forward resistance, the above 
expression approximates to 
h _. Taw a "1 
m -, e 
Pe 


Now the ampere-turns ratio G,, is given by 


Im 
G,, =" 
LA Ginhimn 
and for an auto-excited transductor with an ideal rectifier 4}, is 
zero, giving G,,, = Jm: 
If, however, the value of the feedback term is not zero for 
reasons given above and in addition the ratio of reactance to 


DL Ee 
resistance a for the a.c. circuit is sufficiently large, then since 


Lwlaw 
Tin a a R, 
we have Jolin o> 1 
» ° : < ] To 
giving the m.m-.f. ratio G,, ==; = ay 
hin Taw =e Ty 


Now if these resistances were stable as is usually arranged to be 
the case in negative feedback amplifiers, then the final transductor 
characteristic, although completely dependent upon the rectifier, 
would be both linear and free from drift ; unfortunately, however, 
this is not the case and the rectifier reverse resistance depends 
upon other variables such as temperature, voltage, ageing, etc. ; 
therefore it is usually advisable to avoid the above conditions in 
which the rectifier reverse resistance determines the transductor 
characteristics. 

Thus it follows that the ratio of the reverse to the forward 
resistance lays down an upper limit for the m.m.f. ratio gj, 
beyond which the transductor would be too dependent upon the 
rectifier properties. 

Taking a typical example of an auto-excited transductor whose 
winding resistance r,, = 20 ohms, rectifier forward resistance 
20 ohms, and reverse resistance 20,000 ohms, gives : 


1 20,000 
«40 
149 


= 500. 


The Theory and Design of Magnetic Amplifiers 


Therefore the ampere-turns ratio cannot be greater than 500 
no matter how large one makes the reactance/resistance ratio, and 
in order to make the transductor reasonably insensitive to rectifier 
drift, this ratio should be well below 500. ‘Thus, when using 
selenium rectifiers, for example, it is not usual for the ampere- 
turns ratio of a single stage to exceed about 80 (section 4.8). 

In addition to its effect on the gain, however, the reverse 
resistance causes the control characteristic to shift to the right, 
because the reverse current corresponds to a loss of d.c. excitation 
which must be provided by an increased control current. The 
effect shows up as a reduction of the constant term in equation 4.17 
due to the increased value of A,. 

Thus the effect on the slope leads to a drift of gain and the 
effect on the constant term tends to cause zero drift. It is shown 
in Chapter 10 that by using a pair of transductors operating in 
push-pull, the latter drift tends to cancel provided a reasonable 
degree of matching can be attained between the rectifiers of each 
pair. 

The reverse voltage has an important bearing on the rectifier 
performance when used for auto-excitation. In the case of a 
selenium rectifier the elements should be considerably under-run 
and a rating of one-third the normal is quite common. This tends 
to make the reverse resistance very high, so that slight variations 
due to temperature, voltage, etc., will be less significant. 


5.17 Reverse Voltages on Rectifiers used in Auto-Excited Transductors 


The reverse voltages applied to the rectifiers are governed by 
the same consideration as those given for the self-excited trans- 
ductor (section 4.12). 

Referring to Figure 5.1b, in the parallel (group 1) connection 
no reverse voltage appears across rectifier (2) until core A saturates, 
since both rectifiers conduct during unsaturated periods due to 
the circulating current 7,/2. After saturation the reverse voltage 
on rectifier (2) is equal to the voltage drop in the windings of the 
a.c. coil A. 

In the bridge connection (group 2) the auto-excitation recti- 
fiers are working under less favourable conditions (Figure 5.1c). 
During the conducting period a reverse voltage equal to the supply 
voltage appears across rectifiers (1) or (2). Simultaneously the 
voltage across the load appears as a reverse voltage across (3) or 
(4) respectively. The auto-excitation rectifiers (1) and (2) must 
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be considerably underrun to ensure linear performance and free- 
dom from drift. Therefore, if these conditions are of primary 
importance, the parallel arrangement is preferable. Typical 
curves showing the effect of selenium rectifier characteristics in a 
practical transductor are given in Figure 5.7. The points shown 
on curve (c) represent the characteristic obtained with an auto- 
excited transductor in which the d.c. load is connected across a 
separate bridge rectifier as could be done in Figure 5.16. In this 


Mean foad current 


“3-207 0 7 2 3 
Control current (mA) 
—_> 


Figure 5.7. Curves showing the effect of overrunning the auto-excitation 
rectifier. 


particular case the load resistance was 300 ohms, which was four 
times that of one a.c. winding. One disc per arm of the bridge 
was sufficient for the load rectifier, which was then being run at 
about three-quarters of its maximum rated value. The auto- 
excitation rectifiers also consisted of one disc each and under these 
conditions were being adequately underrun. 

When the same circuit was connected up as a bridge trans- 
ductor (Figure 5.1c), however, the auto-excitation rectifiers were 
being operated at almost their maximum rating as load rectifiers, 
and were supporting the full supply voltage. The reduced reverse 


151 


The Theory and Design of Magnetic Amplifiers 


resistance with loss of gain and linearity is shown in curve (a). 
On increasing the number of discs in the auto-excitation rectifier 
to two, curve (0) was obtained and finally, with three discs, the 
original group (1) characteristic was reproduced as shown in the 
full line curve (c). 


5.18 Types of Rectifier 


- Rectifiers used for auto-excitation are either of the metal type 
or crystal junction diodes. Valve rectifiers are generally unsuit- 
able owing to the fact that a small cathode current flows for zero 
anode voltage giving rise to unwanted polarization of the core. 

(a) Copper Oxide Rectifier. The copper oxide rectifier is chiefly 
used for instrument work, its only real advantage being a low 
forward resistance. The maximum peak reverse voltage is about 
6 volts and the rectifier deteriorates at temperatures outside the 
range — 40°C. to + 40°C. 

(b) Selenrum Rectrfier. The selenium rectifier is much more 
satisfactory in terms of both reverse voltage and temperature 
stability. | 

Reverse voltages up to 36 volts peak are possible and the 
rectifier will operate at disc temperatures of 75° C. With special 
processing, temperatures of 125° C. can be attained with satis- 
factory results for over 2,000 hours. 

The ambient temperature range for these rectifiers is approxi- 
mately — 55° C. to + 85°C. The current rating of the selenium 
rectifier is about 50 mA per cm.? and the self-capacitance varies 
from 0-1 «.F down to 0-02 uF per cm.?, depending upon the applied 
voltage. In general, the capacitance of selenium rectifiers becomes 
important when the supply frequency exceeds about 1 Ke. 

(c) Germanium Crystal Junction Rectifiers. These types of 
rectifier have a very low forward resistance and a very high 
reverse resistance and are therefore ideally suited to magnetie 
amplifier work. They are also much smaller than the metal 
rectifiers and withstand greater reverse voltages for a given for- 
ward resistance. The self-capacitance of germanium rectifiers is 
extremely small in comparison with that of selentum and no 
appreciable effects are apparent at frequencies as high as 2-4 Ke/s. 
Unfortunately, however, the maximum ambient temperature is 
somewhat lower than that applicable to selenium, being in the 
region of 60° C, | 

(d) Silicon Junction Rectifiers. Silicon junction diodes are 
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gradually superseding the germanium type of rectifier for magnetic 
amplifier work. Successful operation in ambient temperatures of 
the order of 150° C. is feasible with silicon junction diodes. 

The curves in Figure 4.2 show the d.c. characteristics of some 
typical rectifiers. 


5.19 Summary 


It has been shown that auto-excited transductors are similar 
to transductors with complete self-excitation and that the ampere 
turns ratio can be changed by the use of various forms of feedback. 

Tron losses limit the maximum permissible value of the supply 
frequency to about 4 Ke/s, but otherwise a high supply frequency 
is desirable on account of the improved ratio of power gain to 
response time. 

The auto-excited transductor without feedback can be con- 
sidered as a voltage generator in which the output voltage is a 
function of the control signal. As such the maximum power 
transfer occurs for a given transductor when the load is matched to 
the output impedance of the transductor, but these conditions can 
only apply in practice to small units operating at low frequencies. 

The performance required of the auto-excitation rectifier is 
very high indeed, particularly in respect of its reverse/forward 
resistance ratio, otherwise the gain is limited if stable charac- 
teristics are required. Crystal junction diodes are the most 
satisfactory rectifiers for this purpose. 

The load rectifiers do not require such a high performance and, 
provided the efficiency of rectification is adequate, the most 
important limitation is set by the temperature at which the 
rectifier ceases to operate satisfactorily. 

The voltage or current gain of an auto-excited transductor is 
one-half that of a fully self-excited transductor with the same 
number of turns. The latter values are given in columns 2 and 
3 of the table at the end of Chapter 4. 
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CHAPTER 6 
TRANSDUCTORS WITH REACTIVE LOADS 


‘No far the transductor has been considered for cases where 
Sih load is purely resistive. Very often, however, it is required 
to control a load device which may be appreciably inductive. It is 
also found that a smoothing capacitor across a d.c. load gives 
improved characteristics. 

The first detailed study of transductor behaviour with reactive 
loading appears to have been made by Krabbe *” ; papers have 
also been published by Milnes ® and Storm.*” This chapter will 
be devoted to a consideration of the transductor with various types 
of reactive loading under steady-state conditions. 


6.1 Auto-Excited Transductor with A.C. Inductive Load 


In many cases the transductor is required to deliver a.c. power 
to inductive loads such as a.c.-operated servo motors, a.c. torque 
motors, resolvers, etc. Often in such cases two transductors 
operate as a push-pull pair, and when the d.c. signal changes sign 
the load current undergoes a phase reversal of 180°. In this 
section we shall consider the transductor operating as a single 
unit. The same assumptions as those made previously will be 
applicable to the following cases. Thus when both cores are 
unsaturated it will be assumed that the transductor impedance 
in the a.c. circuit is large compared with that of the load, but 
when one core is saturated the whole supply voltage is available 
to drive current through the load circuit and that these conditions 
persist until the current in the a.c. windings decreases to a value 
which is insufficient to maintain the core saturated. 

Let us first consider the circuit of the auto-excited transductor 
in Figure 6.la and the waveforms in Figure 6.16. Assuming 
a control signal has been applied and transients have died down, 
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then during any cycle up to the time ¢, both cores are unsaturated 
and consequently the fluxes ¢4 and ¢, are changing and the whole 
supply voltage is developed across the transductor. Assuming the 
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Figure 6.1. Waveforms of voltage, current and flux for transductor with a.c. 
inductive load. 


(a) Cireuit diagram of auto-excited transductor with a.c. inductive load. 
(6) Voltage across load. (c) Load current. (d) Core fluxes. 


flux in core A is increasing, then at time f, core A saturates and 
the whole supply voltage is available to drive current through the 
external circuit. The current cannot increase immediately, 
however, due to the inductance LL, and it therefore rises slowly, 
lagging behind the applied voltage as shown by the shaded area 
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over the interval following ¢, (Figure 6.1c). When the supply 
voltage reaches zero at a time 7'/2, the current continues to flow 
due to the inertia of the inductance and it does not become small 
enough to cause desaturation until some time fg after the load 
voltage has become negative. The supply voltage will therefore 
continue to appear across the load after it has changed sign. The 
load current is less peaked than in the case of the transductor 
with resistive load due to the load inductance which tends to 
oppose the rapid changes of current which occur when a core 
becomes saturated. 

The waveforms of flux are shown in Figure 6.1ld. As pre- 
viously (p. 127), the mean control m.m.f. is the only m.m.f. in 
the unsaturated core over the conducting period (e.g. ¢, to fg). 
This m.m.f. corresponds to the final minimum flux ¢g which, as 
before, is appreciably constant during conducting periods provided 

2 
the referred value of the control circuit resistance RF) is 


c 


sufficiently large. Therefore, when the mean load current is a 
minimum the flux dg corresponds to the negative saturation level 
and the control ampere-turns are therefore equal to — SQ®,. 
When the transductor allows the full output current to flow, both 
cores are saturated throughout the cycle and the ampere-turns 
due to the control winding are equal to + S®,. Thus the total 
change of ampere-turns is 2S®,, and this controls the transductor 
over its complete range from nearly zero up to the maximum 
output which corresponds to a mean load current equal to E,,/Z, 


eer Z,=V Ror + (wl 6. (6.1) 


When the transductor is unsaturated throughout the cycle the 
mean load current may be considered negligibly small. The total 
change of load current divided by the total change of control 


E,,|Z or a 
current is therefore equal to : ar , and on substituting for #,, 
and S, this gives a mean current amplification G, equal to 
lwM Cr 
Se (for auto-excitation) er of: 0652) 
7 a . 
2wM . | 

or oes (for self-excitation) |  % we 164) 
TW 


a 2 
Thus, when the load is inductive, the mean amplification is given 
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by the same expression as when the load is resistive except that 
the impedance Z, now replaces the resistance R,. 

~The generalized curves 
in Figure 6.2 are for a 
mumetal-cored auto-excited 
transductor operating at 
400 c/s into various a.c. 
loads of constant impedance 
Z,. The load current is 
plotted as a fraction of its 
maximum possible value, 


and the control signal as 40-5 
mean magnetizing field in 
ampere-turns per metre. O4 
Curve (a) is for the case 
where Z, is purely resistive, ve 
ol, | 
curve (6b) for ————. = l, 0-2 
(fz “1 v3) 

w Ly, ; 
and curve (c) for ———— O7 
=10. The most noticeable a a a a 
effect due to the inductance pe ice mee 


is a reduction of the linear 

range compared with that Figure 6.2. Generalized transductor con- 
: ‘ye trol characteristics with a.ec. inductive 

oe for a oo load load of constant total impedance. 

ut substantia the same | 

1 cs y Ij (a) wl, =0. (0) wLy = (Rp +12). 

slope over the working part (c) wLy, = 10(R, + rz). 

of the characteristic. 


TRANSDUCTORS witH D.C. InpDuUcTIVE LOAD 


If the rectified load current from a transductor is smoothed, 
then in certain circumstances the current amplification is in- 
creased ; this is particularly important at low signal levels, 
where the effect is most pronounced. 

It has already been shown (section 5.14) that a transductor 
with auto-excitation or complete self-excitation is equivalent to 
a voltage generator whose mean output e.m.f. depends upon the 
control signal. Similarly, the transductor without self-excitation 
is equivalent to a current generator. In the former case the 
internal dynamic impedance is low whereas in the latter case it is 
high so long as the operation is confined to the linear range. 
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The transductor only allows energy to be delivered to the 
load over a fraction of the total half-cycle : this fraction is small, 
when operating at low output levels and the total energy trans- 
ferred in this time depends upon the matching of the load impe- 
dance. Ifthe load is purely resistive, load current will only flow 
during conducting periods and it will be limited by the total circuit 
resistance. By introducing an additional element capable of 
energy storage, however, it is possible to take in a comparatively 
large amount of energy from the source during conduction, and 
deliver this to the load during the following non-conducting 
period. The effect is therefore to lengthen the time over which 
load current flows and therefore, in certain circumstances, to 
increase its mean value for a given control signal. 


6.2 Action of Load Rectifier with D.C. Inductive Load 


When a rectifier-fed transductor load is resistive the current 
flowing in the transductor a.c. windings is the same as the current 
in the load (ignoring rectifier leakage) excepting that the former 
is alternating while the latter is routed in such a way as to be 
always unidirectional. 

If the load is inductive, however, then the load rectifier will 
undergo periods of relaxation in precisely the same way as was 
described in section 4.2. During the periods when both trans- 
ductor cores are unsaturated the current in the a.c. circuit is 
negligibly small, but if the load is inductive then an appreciable 
current may flow in the load, the circuit being completed through 
the two halves of the bridge rectifier acting in parallel. 

Referring to the circuit in Figure 6.3a, the d.c. inductive load 
is considered to be supplied from a transductor which, as we have 
seen, delivers a pulse of voltage to the load circuit once in every 
half-cycle. The effect of the load inductance is primarily to 
smooth the load current and thereby tend to maintain it at a 
constant value throughout the cycle. 

The resistance 7, shown on the a.c. side of the rectifier is the 
effective resistance in the a.c. circuit during a conducting period ; 
this includes the resistance of the transductor windings, the self- 
or auto-excitation rectifier and in addition the resistance of two 
load rectifier elements in series.*¥ When the transductor is 


* When the rectifier is relaxing all four elements are conducting and hence 
this contribution to rg is halved. This effect is comparatively unimportant, 
however, since it arises primarily during unsaturated periods. 
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saturated, current is forced through this resistance and the load 
due to the applied voltage e, which is the ungated supply voltage. 
As this decreases towards the end of the half-cycle, the load current 
is transferred to the closed circuit formed by the two halves of 


ta Ix 


fa 


4 
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Figure 6.3. Diagrams illustrating effects of smoothing with a bridge rectified 
inductive load. 


(a) Equivalent circuit. 
(6) Waveforms of output voltage e, and load voltage e;. 
(c) Waveforms of transductor current 7g and load current 7;. 


the bridge rectifier acting in parallel; this current is maintained 
by the self-induced e.m.f. in the load inductance, and it continues 
to circulate through the bridge rectifier throughout the following 
unsaturated period until saturation occurs once more and the load 
current is again forced by the externally applied e.m.f. 

When dealing with resistive loads in Chapters 4 and 5, it was 
explained that the ratio of mean output voltage to mean trans- 
ductor current was equal to the total a.c. circuit resistance £,, 
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but that this was not necessarily true for all types of load and hence 
the “ mean resistance ”’ was defined by 


— é 


Ros . 2 9 164) 

The need for this arises due to the relaxation of the rectifier 
when using inductive loads which in addition causes the load 
current 7, to differ at times from the transductor current 7,. The 
ratio of the mean output voltage and mean load current has 
therefore been defined as 


hop = (6.5) 

Now since the output voltage corresponds to the ungated 
portion of a sine wave its mean value depends upon the voltage 
amplification and the control voltage which was investigated in 
Chapter 4. 

Knowing the voltage amplification, the mean load current or 
the mean transductor current are found by dividing the mean 
output voltage by either R,, or R, respectively. It therefore 
remains to investigate the nature of these quantities under the 
various conditions of operation. 

Considerable simplification is achieved if, as in Chapter 3, the 
transductor is assumed to be excited with a square wave supply 
voltage, and while errors are likely to be introduced by doing this, 
the physical mechanisms are more easily understood. In addition 
it will be assumed that the load inductance is sufficiently large 
that the load current may be considered smooth. 

The pulses of voltage e, applied to the a.c. circuit by the 
transductor are rectangular in shape as shown in Figure 6.30, 
Saturation occurs at ¢, when the supply voltage is ungated and a 
current 7, is forced through the load ; desaturation occurs at fg, 
after which the load current 7; is maintained through the bridge 
rectifier. During conducting periods a voltage e; is directly 
applied to the load as shown in Figure 6.3a, and the load 
current 7, will be equal to the transductor current 2, (figure 6.3c). 
During relaxation, the applied voltage e; is zero. Since the 
load current is smoothed it will always be constant, however, 
and therefore, provided the waveform is rectangular, the following 
equation may be written down for mean values considered over 
one half-cycle : | 

1, = (28/T)7,. (See Figure 6.3c)  . . . (6.6) 
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where f is the duration of a conducting period. Energy is only 
transferred to the load during conducting periods and therefore 
in the steady-state the total energy transferred during a conduct- 
ing period is equal to the energy dissipated in the load over a half- 
cycle, thus to 


T 
feats at = Ry,it, 4 9" 


ty 


Multiplying both sides by era cancelling the constant term 7, 
gives i 
é LoS R Le 77 . . . (6.7) 

This shows that although the voltage applied to the load circuit is 
of a different waveform from the actual resistive voltage drop in 
the load, the mean values of these two quantities are equal ; this 
result is obtained directly from energy considerations and is inde- 
pendent of the waveforms. 

- During the conducting period the voltage drop in the circuit 
resistance 7, will be 7,7, and therefore 


|e,| —e@, =|%eta| (Figure 6.3b) . . . (6.8) 


When both cores are unsaturated these variables are all negligible 
and during conducting periods they all have the same sign, 


therefore €, — €y =1,%, (see section 1.4) . (6.9) 


Bx combining equations 6.6, 6.7 and 6.9 it is easily shown that 
Ps 
R(1 + 28/7) ** ) 
L 


eq 2a D:. «a et ee EEE se 
2 = B= Ta . . (6.10) 
also from 6°6 
ey Dp = te 
of = By, = R,(1 + (28/7) i) . 2. (6.11) 
D Rat 
and fi, ™ (28/7) ‘ ‘ ‘ (6.12) 


The quantity &,, varies with the duration of the conducting 
period, from a minimum value equal to the load resistance R, 
when 8 = 0 at low output levels to a maximum value equal to 
the total circuit resistance R, = Ry; +7, when B = 7/2 at full 
output. 

‘This does not represent an appreciable change, however, and 
it is therefore a reasonable approximation to regard the ratio 
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é,/+z, a being approximately constant as it would be for a purely 
resistive load. This does not apply, however, to the ratio R,, ex- 
pressing the transductor current; this ratio which is inversely 
proportional to the duration of the conducting period. 

Thus as the conducting period tends to zero R, tends to infinity. 
This may be explained physically as follows. The current 2, 
reverses every half-cycle and if the conducting period is very 
small the pulses of the voltage are sharp and the current will be 
unable to build up due to the inertia of the inductance, therefore 
the ratio of @,/7, will be infinite. ‘The load current, on the other 
hand, is always unidirectional and therefore it must build up 
ultimately to a finite value in the steady-state, hence @,/7, is finite. 


6.3 Current Amplification with D.C. Inductive Load 


Having obtained the ratios for mean voltage/mean current, it 
is now possible to estimate the voltage gain for any degree of self- 
excitation by substituting the value found for R, into the term h, 
(equation 4.15). It should be remembered at this stage that the 
basic voltage gain equations (4.13—4.15) are equally applicable to 
square wave excitation. The mean load current is then found by 
dividing the mean output voltage @, by the “ mean resistance ”’ 
Sioa 

Thus, considering the case of a fully self-excited transductor, 
the condition h, = 0 gives a voltage gain G, = g, as for a resistive 
load. ‘The output is thus given by 


a, = Juli, 
— Jyh, Vo 

and therefore from equation 6.11 

i ae - . « (6.18) 
and since a 2 ON wi 

a &£, 
3 2 wM ,, J, 
1G ee, ot. Ol) 


This shows that the current amplification of a fully self-excited 
transductor with an inductive load is not very different from that 
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of a resistively loaded transductor with complete self-excitation 


20M 
for which the current amplification =a may be written 


WT “a 
9 M 
2 w ; 
ae eo since R, = Rh, +7,. 


7 f. 
na (1+) 

For an inductively loaded transductor the amplification tends 
to decrease as the condition of maximum output is approached 
due to the factor 8, which increases with increasing control current. 
When auto-excitation is employed the same results apply except- 
ing that the factor 2/7 is replaced by 1/z. 

When there is no self-excitation or auto-excitation, the current 
amplification is obtained by considering the conditions of ampere- 
turn balance. The mean a.c. ampere-turns 7,N, must be equal to 
the mean control ampere-turns 7,N,. But the mean load current 
1, is not equal to the transductor alternating current and is given 
by equation 6.6. Combining these two results we have 


i, N, 1 


(6.15) 


or when using self-exciting turns V, < N, and assuming the core 
reluctance is zero 

i, WN, 1* 
c N a NV. f 2B / iy 


Thus when the load is inductive the current amplification of 


(6.15a) 


, N 
the unself-excited transductor is no longer equal to ra but is 
a 


non-linear, being infinite for small outputs and decreasing as the 
output increases. It should be noted that when the conducting 
period extends throughout the cycle the transductor output 
cannot increase any further and therefore although equation 6.15 
indicates that at this stage the gain is still given by the turns ratio, 


* This result may equally well be obtained from the basic equations : 


Thus, 1= (Gy/ Rar)teR. 
1 
but since Gi in (for no self-excitation) 
‘ita wiventieonibableyaoey, eee a te oP ee 
8 Dera a fi Nee Oana NG 
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it is obviously beyond the working range of the transductor, and 
in fact of course the gain has decreased to zero. In practice 
complete saturation does not occur discontinuously but gradually, 
with the result that as the output increases towards a maximum 


7 


the current amplification does not tend to the value W but 


a 


approaches zero gradually due to gradual saturation of the 
magnetization curve. 

These results are interesting in view of earlier remarks about 
the output impedance of the transductor. The transductor with- 
out self-excitation has been considered (section 4.11) as an ampli- 
fier with a high output impedance. If the load is resistive then 
for short conducting periods the energy transferred to the load is 
limited by the load resistance. If, however, the load contains 
series inductance then this will tend to match the transductor, 
being itself a high impedance to voltage pulses. Thus, although 
the conducting period is only of short duration, the inductance, 
being a favourable impedance match, stores a larger quantity of 
energy than could be dissipated in the resistance over the same 
period ; this energy is then transferred to the load during relaxa- 
tion periods. Practical characteristics obtained with inductive 
loads are discussed in section 6.4. 


6.4 D.C. Inductive Load with Sinusoidal Supply Voltage 


In this section the waveforms will be considered for an auto- 
excited transductor operating with an inductive load and a 
sinusoidal supply voltage (Figure 6.4a). It will be assumed in 
what follows that complete smoothing of the load current occurs. 
Waveforms of the circuit voltages, currents and fluxes are shown 
in Figure 6.5a. | 

Up to the time ¢,, both cores are unsaturated and the core 
fluxes are changing. The current flowing in the load is main- 
tained at a constant value, Figure 6.5c, due to the self-induced 
e.m.f. in the inductance L,; this e.m.f. is such as to enable all 
four elements of the load rectifier to be conducting, and therefore 
the voltage drop across MN (Figure 6.4a) is due only to the 
forward resistance of the rectifiers. 

At t, core A saturates and the supply voltage is available to 
drive current through the circuit impedance which includes the 
load. Almost the whole supply voltage is therefore applied to the 
rectifier and is such that it makes J positive with respect to H. 
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The rectifier elements (3) and (5) therefore cut off and the load 
current flows through the a.c. windings on the saturated core via 
the rectifiers (4) and (6) and the auto-excitation rectifier (1). 
Over this period also the load current is constant due to the 
inductance of the load, and therefore a small constant voltage 


LC.) emer 


call 


Ske Slt 
E, 


(6) 


Figure 6.4. Auto-excited transductor circuits with d.c. inductive loads. 


(a) Parallel connection (Group 1). 
(6) Bridge connection (Group 2). 


drop occurs in the resistance of the a.c. winding A as represented 
by the shaded area in igure 6.5a and c. As the supply 
voltage decreases towards zero, it becomes equal to this voltage 
drop at a time fg, after which it is no longer able to maintain the 
saturation current in the external circuit. Since an applied voltage 
no longer exists across JH the rectifiers (3) and (5) are once again 
able to conduct and the load current is transferred back to the 
closed circuit through the rectifier. When this occurs the current 
in the a.c. winding A has become very small, and since the voltage 
has changed sign normal operation proceeds whereby the flux in 
core A decreases while that in core 6 increases. When core B 
saturates the same sequence of events occurs excepting that the 
constant load current is transferred from the rectifier circuit to 
the a.c. winding on core B. 

When an inductive load is connected as in Figure 6.4b, the 
operation is similar to the arrangement in Figure 6.4a. During 
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non-conducting periods the constant load current flows round the 
circuit formed by the load rectifiers (3) and (4). 

If a self-excited transductor is used with a d.c. inductive load, 
unsatisfactory operation results when the load is connected in 


a? 
Voltage drop dueto 
Sipterpral Pesistance / 


Voltage -time 
enplied to cores 


¥ a) 
( Gy ee re a 
— £; 
voltage drop Teed 
yrs due tO gars 
. rrent 
a JS neternal Cee a 
ft |X, resistance \ a 
a Mp 
oa ‘ 
(Cc) ’ 


Figure 6.5. Voltage current and flux waveforms for transductor with d.c. 
inductive load. 


(a) Voltage applied to a.c. terminals of rectifier and internal resistance (shaded 
area). (6) Current in a.c. circuit. (c) Total load voltage on d.c. terminals of 
rectifier and load current. (d) Core fluxes. 


series with the self-exciting windings. This is because during 
non-conducting periods, the full load current flows through the 
self-exciting windings due to relaxation of the rectifier. 

The effect can be minimized by placing a one-way rectifier 
element across the load. The rectifier provides a path for the load 
current during non-conducting periods. ‘The point is compara- 
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tively unimportant, however, due to the fact that this type of 
connection is seldom used. 
The curves in Figure 6.6 show the effect of inductive smoothing 


-30 -20 -10 O10 20 30 40 
——»> H. (ampere -turns/met: 2) 


Figure 6.6. Curves showing the effect of inductive smoothing on contro! charac- 
teristics for auto-excited transductor with mumetal cores and operating at 400 c/s. 
(a) Zero inductance. (6) 7 

qT; 


= 0-1] second. 


on the generalized character- 
istic of an auto-excited trans- 
ductor using mumetal cores and 
operating at 400 c/s. Curve (a) 
applies to a purely resistive 
d.c. load while curve (6b) is for 
the same resistance but with an 
additional inductance, giving 
the load a time-constant equi- 
valent to approximately 40 
cycles of the supply frequency. 
As would be expected in this 


case, the inductance, having a figure 6.7. Control characteristics for 
unself-excited transductor, showing 


high impedance to pulses, IS effect of inductive smoothing. 
not a suitable impedance match (a) Control characteristic for inductive 
for the transductor and no load. i 

: . hn on : (6) Control characteristic for resistive 
improvement in sensitivity is load. 
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obtained as shown by the theoretical considerations in section 6.3. 

A practical characteristic obtained without self-excitation is 
shown in Figure 6.7a for an inductive load, and 6 for a resistive 
load. When the output is small, the gain for an inductive load is 
large, as discussed in section 6.3, but as the output increases the 
slope of the curve decreases to the same order as that of the 
resistive load. 


TRANSDUCTORS witH D.C. CAPAcITIvVE LoAp 


6.5 Auto-Excited Transductor with Capacitor Smoothing of Load 
Current 

When a smoothing capacitor is placed across a rectifier-fed d.c. 
load it tends to maintain a constant voltage across the load. The 
way in which this affects transductor operation will now be 
considered. 

The waveforms of current and voltage applicable to a trans- 
ductor with capacitor smoothed load current have been considered 
by Milnes,% and his results are summarized in this section 
together with a description of the effects of smoothing upon the 
current amplification. 

Turning to the auto-excited circuit in Figure 6.8, the load 
capacitor C, is assumed to be very large. The total effective 


Figure 6.8. Auto-excited transductor with capacitive smoothing of load current. 


internal resistance of the transductor has been lumped in 7,, 
which as before includes the resistance of one winding, the corre- 
sponding auto-excitation rectifier and two elements of the load 
rectifier. There are three points which are relevant to the opera- 
tion of this circuit. 

Firstly the capacitor charges up to an almost constant voltage 
éz, which acts in series with the sinusoidal supply voltage H,. The 
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sign of €;, however, changes in relation to the a.c. circuit, depending 
upon which pair of elements in the load rectifier are conducting. 
Conduction of rectifier elements is dependent upon the current 
flowing in them (section 4.2), and when, for example, the current 
in the a.c. circuit changes from positive to negative, elements (4) 
and (6) stop conducting while (3) and (5) start conducting ; 
when this happens the direction in which the load voltage acts in 
the a.c. circuit changes sign also. 

Secondly, as in the case of the transductor with resistive load, 
a core saturates when the total flux change has increased from the 
minimum value ¢g to the saturation value. This will depend, as 
before, on the applied voltage-time integral, but in this case the 
applied voltage is modified by the existence of a constant voltage 
across the load. 

Thirdly, the core desaturates when the total e.m.f. in the a.c. 
circuit has decreased to such a value that it can no longer maintain 
the saturation current through the internal resistance r,. During 
conduction the a.c. circuit e.m.f. is the difference between the 
supply voltage and the constant load voltage and is given by the 
shaded area and the dark area in Figure 6.9a. 

Referring to Figure 6.9a, the dotted line represents the 
sinusoidal supply voltage and the full line represents the voltage 
across the a.c. terminals of the load rectifier bridge. The latter 
voltage changes sign at times denoted by ¢’, 7/2 + ?#’, etc., when 
the current in the a.c. circuit (figure 6.9b) changes sign, thereby 
causing commutation of the rectifier elements. 

During non-conducting periods the load voltage does not 
remain truly constant due to discharge from the capacitor through 
the load which reduces slightly the voltage across the plates of the 
capacitor. The shaded area in figure 6.9a up to the time ¢, 
represents the voltage-time applied to the transductor a.c. 
windings; this voltage-time is causing the flux in core A to increase 
and the flux in core B to decrease. Core A saturates at t, and the 
dark area corresponds to the circuit e.m.f. available to drive 
current through the internal resistance of the transductor. This 
current, shown in igure 6.96, flows through the auto-excitation 
rectifier (1) and the corresponding a.c. coil ; it also recharges the 
load capacitor via the rectifier elements (4) and (6). During the 
conducting period the coil current is proportional to the resultant 
applied voltage, corresponding to the dark area and therefore at 
a time ig it is no longer sufficient to maintain the core in the 
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saturated state; at this stage core A desaturates and the small 
alternating current now decreases out of phase with the supply 
voltage, which changes sign at 7’/2 while the magnetizing current 
is still positive (figure 6.9b). Over this period the action of the 
auto-excitation circuit is precisely the same as that described in 
section 5.1; both rectifier elements (1) and (2) are conducting, 
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Current into 
load Circuit 
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Figure 6.9. Waveforms of voltages, currents and fluxes for auto-excited trans- 
ductor with capacitive smoothing. 


and the flux in core A is decreasing while that in core B is increas- 
ing from the minimum value ¢g. These flux changes are propor- 
tional to the shaded area which starts at time fg. At times 
t’, (t’ + 7/2), etc., the small magnetizing current in the a.c. 
winding changes sign, the load rectifier elements therefore com- 
mutate and the direct load voltage changes its direction of action 
in the a.c. circuit. This switching of the load voltage causes a 
sudden change in the magnitude of the voltage applied to the coils 
and consequently a discontinuity in the flux waveforms appears 
at these times as shown in Figure 6.9c. 
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It has been seen that the reverse voltage existing across the 
auto-excitation rectifier is equal to the voltage drop in the a.c. 
winding during the conducting period. When the load is resistive, 
the load current is the same as that flowing in the a.c. windings 
and therefore the reverse voltage is the voltage drop due to the 
load current flowing in the winding resistance. When capacitor 
smoothing is employed, however, although the mean load current 
is equal to the mean coil current, the latter only flows over a 
limited period while the former is nearly constant throughout the 
cycle. The coil current will therefore have a much greater peak 
value than the load current as shown in Figure 6.9b and it 
follows that both the peak reverse voltage on the auto-excitation 
rectifier and the r.m.s. current in the a.c. windings will be larger 
than that calculated from the load current. It is important to 
bear this in mind when determining the heating in the transductor 
and the current rating of the rectifiers. 

The smoothing capacitor has important and beneficial effects 
on the control characteristics. These effects give rise to increased 
range of operation and greater current amplification, particularly 
at low signal levels. There is also a tendency in certain circum- 
stances to improve the speed of response (section 8.12). 


6.6 Increased Amplification Due to Capacitor Smoothing 


The way in which a parallel capacitor affects the current 
amplification of a self-excited transductor will now be con- 
sidered. 

During conducting periods a large pulse of current is drawn 
from the supply through the transductor, part of this flows in 
the load, but most of the current flows into the capacitor which 
becomes charged. During the unsaturated period some of the 
charge in the capacitor flows into the load. Provided the charge 
on the capacitor is the same at the beginning of successive con- 
ducting periods, i.e. the system is in a steady-state, it must 
follow, that the total charge contained in the current pulse 
during the conducting period must be equal to the total charge 
which has passed through the resistor during the half-cycle, and, 
therefore, the mean value of the current pulse over one half-cycle 
is equal to the mean load current over the half-cycle, i.e. 


Va =e tr . ° . (6.16) 
It is shown in Appendix 6, by similar methods to those used in 
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section 6.2, that where a parallel capacitor is used and square 
wave excitation is employed 


ae Ry 
he ae € + (2/7) ~) 
——— R, | 
ie. R,= Ri, =", € + (26/7) #1) s « » 61%) 


The mean resistance #,, is dependent upon the duration of the 
conducting period and varies from the value 7, when 6 = 0 to the 
maximum value R&R, +7, when BS = 7/2. In general this re- 
presents a greater variation than that obtained with an inductive 
load (equation 6.11), since the minimum value 17, corresponds 
only to the rectifier and winding resistances. 

When no self-excitation is employed ampere-turn equality must 
exist between the mean control current and the mean transductor 
current 7,. The latter is equal to the mean load current 7, 
(equation 6.16) and therefore the current amplification is not 
affected by a capacitor in parallel with the load, and is given by : 


If the transductor is auto-excited or completely self-excited, 
then assuming that for small outputs the voltage amplification 
applicable to resistive loads is valid when a smoothing capacitor 
is used and is given by equation 4.16 thus : 


20M, 
le 2a 
the mean current is then given by 
He, < 2 M an 
ane | ee a aaa a t, +. . (6.18) 
“(14 opin) 22) 


This leads to the important result that capacitor smoothing 
causes a marked increase in the current amplification for small 
values of 8 when complete self-excitation is used. 

With a resistive load it has been seen that the current gain is 
inversely proportional to the total circuit resistance &,. When 
the d.c. load consists of a shunt capacitor, however, the gain at 
low output levels tends to be inversely proportional to the internal 
resistance 7, which should be considerably less than &,. 
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This result can also be considered on the basis of impedance 
matching. When energy is delivered to the load circuit over a 
short period the energy which can be dissipated in a pure resis- 
tance load is limited by the magnitude of the resistance. The 
capacitor, however, presents a low impedance to the output 
voltage pulses e, and therefore when complete self-excitation is 
used it is a favourable impedance match to the transductor. It 
therefore stores a larger quantity of energy than could be dis- 
sipated in the load over short conducting periods. This energy 
is then transferred to the load during the longer non-conducting 
period. As would be expected, if no self-excitation is used the 
transductor output impedance is much higher and the matching 
between the transductor and the capacitor circuit is not favour- 
able to a large energy transfer and therefore no marked increase 
in the amplification is obtained under these conditions. 

The use of a load capacitor to obtain improved characteristics 
is quite common in transductor manufacture and corresponds to 
pulse lengthening. It is also found that when a capacitor is 
placed across an inductive load an increased current gain is 
generally obtainable. The required value of capacitance is 
usually best found experimentally, but in general the time con- 
stant &,;C, requires to be somewhat larger than the period of 
one half-cycle. 

When the supply voltage is sinusoidal not only is an increased 
amplification observed but also an increased maximum output, 
and since this is a feature which is often utilized, the effects of 
capacitor smoothing will be considered for the case of a sine wave 
of supply voltage. 

When the conducting period is very short, then in normal 
circumstances, without smoothing, the form factor of the load 
current is low and there is adequate scope for pulse lengthening 
as described for the square wave. In the case of a rectified sine 
wave of load current which applies when conduction occurs 
throughout the cycle, a small improvement in output is still 
obtainable by means of capacitor smoothing. The improvement 
obtained by smoothing in these circumstances is considered in 
Appendix 7 and the factor by which the maximum load current is 
increased is found to depend upon the ratio r,/#, as for the square 
wave. ‘This factor is equal to 7/2 when r,—> 0 and unity when 
r,—> 0. The results are plotted in Figure 6.10a. It is not 
usually practicable to make r,/h, less than about 0-1 and this 
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imposes an upper limit of about 1-3 on the factor by which the 
maximum output is increased due to smoothing. This slight 
improvement applies also to the unself-excited transductor since 
at maximum output the internal impedance must be low since 
ampere-turn balance no longer exists and the supply voltage 
is virtually connected to the load rectifier. 


_—_— 
Go 
Qa 


Cutput with smoothing 

Cutput without smoothing 
~ S Ss 
ee 


™ 
S 


0 O02 04 06 O08 70 
Pe /p,—> 
Figure 6.10. Curves showing effect of a smoothing capacitor on the output 


of an auto-excited transductor for two different control signals and sinusoidal 
excitation. 


(a) 100% conduction (B = T/2). 
(6) 50% conduction (6 = 7'/4). 


The maximum output of an auto-excited transductor occurs 
well beyond the limit of linearity, however, and a more realistic 
view is obtained by considering the improvement at some specific 
point lower down on the control characteristic. This is also 
calculated in Appendix 7 for the case where conduction occurs 
over one-quarter of a cycle, corresponding to a saturation time 
tg = T'/4. Under these conditions, the transductor with resistive 
load and no smoothing is delivering one-half its maximum output. 
From ¢ = 0 to t = T/4 the supply voltage is supported by the 
changing fluxes in cores A and 5b, and from 7'/4 to 7'/2 the 
supply voltage is developed across the external circuit including r,. 

When capacitor smoothing is introduced a more marked im- 
provement is noticed than that applying to 100° conduction ; 
this is to be expected as a result of the shorter conducting period. 
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The increased output due to smoothing is shown for the case of 
50% conduction in curve (6) Figure 6.10. 

For a ratio of 7,/R,, = 0-1, the effect of smoothing is to Increase 
the output by a factor well over two, thereby resulting in a 
corresponding increase in the mean amplification over this range. 

When the conducting period is very short compared with the 
duration of a half-cycle, the square wave analysis is approximately 
applicable and the initial current amplification is limited only 
by the transductor resistance. Thus in the ideal case where the 
amplification without smoothing is given by 


_ 2 olleg 
tat Rete,’ 


when a large capacitor is introduced in parallel with the load the 
current gain at low output levels is given approximately by 


2 ] 
(for an auto-excited circuit the factor —-is replaced by -). 
vin TT 


These conditions arise again when dealing with even harmonic 
transductors (Chapter 11). 

The curves plotted in Figure 6.1la and 6 show the effect of 
capacitor smoothing on the control characteristic of an auto- 
excited transductor for which the ratio of the external resistance 
to the load resistance is equal to 0-43. The smoothing increases 
the linear range by a factor of about 1-6 as predicted from 
Figure 6.106. 

In addition the amplification for small outputs shows a con- 
siderable increase. 

When the d.c. load is inductive, a smoothing capacitor has a 
similar effect on the characteristics, this is shown in Figures 6.12a 
and b. 

Although the effects of capacitor smoothing are of a complex 
nature there is no doubt that in general a valuable improvement 
in the characteristics is realized, particularly when the load is 
inductive. It must be remembered, however, that when the 
transductor is used in control systems the smoothing may intro- 
duce undesirable time delays which can lead to instability or 
hunting. Sometimes, however, it is found that the dynamic 
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Figure 6.11. Control characteristic of auto-excited transductor showing effect 
of a large smoothing capacitor. 
Curve (2) R; = 3900 7 = 170Q Cy, = 90. 
(6) BR, = 3902 ry = 170Q Cy, = 8uF. 
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Figure 6.12. Control characteristics of auto-excited transductor showing the 
effect of a smoothing capacitor when the d.c. load is inductive. 


(a) Rr, = 3900 %: = 170Q Ly, a of Cr, 0. 
(6) Rp = 3902] rg = 1700 £2, = 23H Cy = 8yF. 
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characteristics are actually improved by the presence of a 
capacitor across the d.c. load. This tends to apply in particular 
to cases where the transductor time-constant is normally large 
and the self-excitation is incomplete—it is considered in Chapter 8. 


6.7 Summary 


The presence of capacitance or inductance in a transductor 
load tends to modify the characteristics. In most cases this 
amounts to a slight reduction of current gain and a deterioration 
of the linearity. When a capacitor is placed in parallel with a 
d.c. load, however, considerable improvement is realized if the 
transductor is auto-excited or fully self-excited. The range of 
the transductor can increase by a factor between one and two 
and the amplification is considerably increased at low output 
levels. | 

These modifications depend upon the fact that the ratio of 
mean output voltage to the mean transductor current or the 
mean load current are no longer equal to the a.c. circuit resis- 
tance &, but depend upon “‘ mean resistances ”’ which have been 
defined as R, and R,, respectively. 

These mean resistances are dependent upon the output level 
and hence cause a slight non-linearity in the amplification 
characteristic. The extent of this is usually masked, however, 
by the greater non-linearity already present due to the curvature 
of the core characteristic. 

The performance of transductors with various types of reactive 
loading is summarized in the table on page 178. 
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CHAPTER 7 
CLOSED LOOP CONTROL SYSTEMS 


N many cases transductors are used as amplifiers in automatic 
| Perea or servo-systems. In these circumstances the design 
of a suitable transductor to have a given steady-state and 
transient characteristic is largely determined by the nature of 
other time delays already present in the system. 

Thus, for example, if two elements in a system each introduce 
a simple time delay then, under certain circumstances, the 
response of the system can be underdamped. The further addi- 
tion of an integrating element such as a motor can cause main- 
tained oscillating or hunting. 

The design of transductors is therefore closely linked with 
some of the problems facing the servo engineer. The transient 
characteristics of transductors will be discussed in Chapter 8 and 
the response under various conditions will, where possible, be 
specified in terms of the notations commonly used in servo 
design. In addition closed loop theory is a convenient aid to 
understanding some of the more complex transient phenomena 
which arise in the case of transductors feeding reactive loads. 
For these reasons a brief discussion of the elementary aspects of 
servo theory is presented in this chapter. The subject is very 
extensive, however, and for anything more than the elementary 
ideas the reader is referred to more comprehensive works.’ » 

The chief problem confronting the servo engineer is to design 
a system having sufficient amplification to give adequate control, 
but at the same time sufficient damping to give overall stability of 
the system and reasonable response. 


7.1 Requirements of Control Systems 
A block diagram of a simple control system is shown in 
179 


The Theory and Design of Magnetic Amplifiers 


Figures 7.la and b where the object of the control is to 
maintain the output at a constant value determined only by the 
input. The output may be a shaft position as in a position con- 
troller, the temperature of an oven as in a temperature controller, 
or a voltage as in the case of a voltage regulator or negative feed- 
back amplifier, etc. 

A simple approach to the problem of controlling the output 
would be to actuate the controller by applying a constant input 
and thereby maintain the output at a constant value (Figure 7.1a). 
This, however, relies on the stability and linearity of the con- 
troller and the absence of external disturbances in the system. 
A more accurate method of control is achieved if the controller is 


Input 9; Output 2 
tes <1 Controller pees je 


(a) 


Error 
detecting 
element 
t 0;-Op 


(b) 


Figure 7.1. Block diagrams of simple control systems. 
(a) Open loop. (6) Closed loop. 


actuated by the difference between the actual output and the 
required output (figure 7.1b). This involves feeding back the 
output and comparing it with the input. The difference between 
the input and output is then amplified in the controller and used 
to maintain the output at the required level. 

Thus a control system has three essential elements :— 

(1) An error-detecting element which measures the difference 
between the required output and the actual output. 

(2) A controlling element which provides amplification. 

(3) A feedback network which measures the output and feeds 
it back to the error-detecting element. 

If the required output is 0,, the actual output is 0, and the 
gain of the controller is g then 


g(o; — 90) = By 
g 
so that Ge ee ng: S cx -& Ae 
Taker (7.1) 


It therefore follows that if gS 1 the output will always be 
very nearly equal to the input. — 


180 


Closed Loop Control Systems 


The controller usually consists of a number of stages of amplifi- 
cation which will include the output stage comprising, for example, 
a motor if the control is a position servo, or a heater if the control 
is thermostatic. In all cases there are generally a number of time 
lags in the system and if the frequency response characteristics 
of the controller are examined with the loop open it will be found 
that as a result of the time lags both the gain and the phase shift 
between input and output vary as the input frequency is 
increased. On closing the loop, the output should be subtracted 
from the input, but if, at a certain frequency, the phase shift in 
the controller is 180° then the feedback will no longer oppose the 
input, but will become positive and assist it, so that unless the 
total gain around the loop is less than unity aé this frequency 
the energy fed back will be sufficient and correctly phased 
to cause the build-up of self-maintained oscillations around the 
loop. 

The chief problems are therefore to design the system : 

(a) To give accurate control, i.e. to make the loop gain as 
large as possible. 

(6) To be stable. 

These two requirements are conflicting, however, because if the 
loop gain is made large at low frequencies it is unlikely to be 
sufficiently attenuated at the frequency for which the phase shift 
is 180°. This will result in oscillations at the latter frequency 
being superimposed on the output whatever the frequency of the 
input. These oscillations tend to build up until their amplitude 
is limited by the saturation of some element. 

In practice the system must not only be stable but adequately 
damped, and this usually involves the need for an adequate 
margin over the critical conditions for stability. 

There are a number of useful criteria for stability (see references), 
and in general it is possible to improve the response by the pro- 
vision of suitable networks and/or feeding suitable time deriva- 
tives of the output back to the input, thereby modifying the open- 
loop frequency response characteristics of the system. 

Nevertheless, before the frequency response of the system can 
be estimated and suitable stabilizmg means employed, the response 
of all elements within the system must be known. 


7.2 Frequency Response of Servo Elements 
The following discussion is related to linear elements and we 
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will start by considering an element for which the input e and 
the output V, are related by an equation of the form 


en et wee te, A 
The input e is some function of time and 7 is a constant. HKqua- 
tion 7.2 specifies the behaviour of many physical systems. For 
example, if a voltage e is applied to a circuit consisting of a 
capacitor C' in series with a resistor R, the voltage V, across the 
capacitor varies with time in a manner defined by the above 
equation in which g = 1 and 7 = ARC. Similarly, if a mass m is 
moving in a viscous fluid under the action of an impressed force e 
the velocity V, of the mass will be defined by the equation 


ae 


+ KV, == 


m I : : 
where 7 = wI--*R and K = viscous resistance per unit velocity. 


If the symbol D replaces d/dt in equation 7.2, then the equation 
can be written in the operational form 


g 
=e 2 te oe WAS 
CO geiaeDy en 
where -—2—— is termed the transfer function and specifies the 
1 + 7D 


relation between the input e and the output V,, both in the 
transient and steady-states. 

The input is usually some known function of time of which 
the most commonly considered are the sinusoidal function and 
the step function. In the latter case, if an input e = H is suddenly 
applied at time 1 = 0, we have already seen that the output 
follows an exponential law governed by a time-constant 7 and has 
a steady-state value of V, = gE. 


Thus Vo = 9H (1 — et") bo a “CTS 
This is plotted as a curve of V, against ¢ in Figure 7.2a. 
If the input ¢ is a sinusoidal function given by e = F sin wt, 


then the solution of equation 7.2 after initial transients have died 
away 18 


E 
Vo — i wt row ° ° ° 7.5 
zn sin ( ib) (7.5) 


where 2% = tan wr . oh, cay 07900) 
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Equations 7.4 and 7.5 both apply to the same system operating 
under different conditions. The former equation specifies the 
actual response of the device to a constant input which is applied 
suddenly, while the latter gives information about the amplitude 


SA AND 
oo 8 8 


(C) i=e 


Figure 7.2, (a) Transient response due to a simple time delay. (6) and (c) 
Frequency response due to a simple time delay. 


and phase shift % of the output in the steady-state for various 
values of the signal frequency. 


as 


If the gain of the element is given by ‘2 then 


; g 

i Bf 4 — 
gain, G yaa 
This quantity varies from g to zero as the signal frequency in- 
creases from zero to infinity. Since g is the gain at zero frequency 
it refers to the d.c. conditions. 

The gain is conveniently plotted in decibels * against angular 
frequency plotted to a logarithmic scale. The constant and 
variable components of the gain may be separated thus : 


. (7.6) 


i 
log G = log V1 Lew -t- log q. 
T 


* Gain measured in dBs = 20 log,, (gain ratio). 
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The frequency dependent term can then be plotted indepen- 
dently of the steady-state gain which may be added by shifting 
the curve up or down by the number of dBs corresponding to g. 
The frequency response applicable to this particular transfer 
function is shown in Ligure 7.2b, where the steady-state component 
is omitted ; it is seen that a close approximation to the actual 
response is given by two straight lines (shown dotted) ; a hori- 
zontal line signifying a constant gain of unity (zero dB) up to a 
frequency w = 1/7, and thereafter a line which defines a uniform 
decrease of gain with frequency at 6 dBs per octave. 

Simultaneously the phase angle between the input and the 
output will decrease from zero to — 90° over the same frequency 
range, the phase angle being given by Figure 7.2c and equa- 


1 
tion 7.55 ; the phase lag is equal to 45° when w = —. 
T 


Thus thegelement represented by a relation of the form given 
in equation 7.2 may be defined either by the time-constant 7 or 
by the gain/frequency and phase/frequency relationships ; in 
either case the system is completely specified by the transfer 


J 
funct a aT. 
unction aea yy 
Other commonly met systems are those governed by an equa- 
tion of the form : 


1 @Vy | 2¢dVo 
o® de ase Te +Vo=ge . . . (7.7) 
This equation applies to devices containing two energy storage 
elements and viscous damping. 
The transfer function for the second order equation may be 
written down as before and by putting D for d/dt we have 


é 
lege 
ty Dt 


The output V is given sss ie ance solution of equation 7.7. 
There are three possible forms for this solution, however, depend- 
ing upon the value of ¢. 

Considering the case of a constant input H applied at time 
i = 0, the following conditions are possible : 

(1) €< 1. Under these conditions the output is underdamped 
with the result that it consists of an oscillatory transient which 
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ultimately dies away, leaving the steady-state condition V, = gH. 
The solution of equation 7.7 for ¢ < lis 


Vy =ghlt—~ a evinoyVi— Btw]. 79 


and the corresponding response is shown as a function of non- 
dimensionalized time w,¢ for various values of ¢ (Figure 7.3a). 


—»Wwot (dimensionless time) 
(a) 


—F Wot (C) 


Figure 7.3. Transient responses of a system containing two time delay elements. 
(a) Lightly damped € < 1. (6) Critically damped € = 1. (c) Overdamped { > 1. 


(2) € =1. This corresponds to the critically damped condi- 
tion which is plotted in Figure 7.30. 

(3) € > 1. This case corresponds to a large amount of damping 
and it is possible to factorize the quadratic in D so that equa- 
tion 7.8 may be written in the form 


Vo => 
"(1 + 7,D) (1 + 72D) 


oa esd a — a tlt 
(7y—7)L(L+71D) (L+7,D)I 
By comparing this with 7.3 it is seen that the solution may be 
represented as the sum of two exponentials, typical transient 
curves of which are reproduced in Figure 7.8c. 
If ¢ is negative, the system is unstable and self-maintained 
oscillations build up until limited by saturation of the amplifier. 
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The present discussion is confined to positive values of the 
damping factor. 

The transfer function of equation 7.8 can no longer be defined 
by a simple time-constant 7, as could that of equation (7.3), but 
by the two constants w, and ¢. The constant w, is the natural 
angular frequency of oscillation of the undamped system and is 
known as the undamped natural angular frequency. The constant 
€ is the damping factor. 

In general, the slightly underdamped condition is of most 
interest due to the fact that this tends to give the most desirable 
response; typical practical values for the damping pee lie 
between 0-5 and 0-8 (Figure 7.3a). 

When the input is sinusoidal, the steady-state solution is 


gh sin (w a — —¥) 
Moe J : im =  . . . (7.10a) 
q = =) Pe 
ag 
where } = tanto. . .. (7.10) 
63) 
1— —> 
Wo 


In this case the frequency response can be plotted as for the 
first order system. This is done in igure 7.40 and it is seen that 
the gain which is unity at low frequencies increases to a maximum 
when the signal frequency is equal to the damped natural fre- 
quency. At this stage the amplitude is limited only by the 
damping term. As the signal frequency increases still further the 
amplitude quickly decreases, ultimately at 12 dB per octave. 
Over the same frequency range the phase lag of the output 
behind the input varies from 0 to 180°. The phase angle is 
equal to — 90° at a signal frequency equal to the undamped 
natural frequency (Figure 7.4D). 

Finally we shall consider integrating and differentiating ele- 
ments. 

An integrating element is one in which the output at any 
instant is proportional to the time integral of the input, thus 


t 


l 
"5 
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Figure 7.4. Frequency response of a system with two time delays and various 
degrees of damping. 
(a) Amplitude ratio against frequency. 
(6) Phase angle against frequency. 
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Figure 7.5. (a) Frequency response of integrating element. 
(6) Frequency response of differentiating elernent. 
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the transfer function being given by 


Yo 1 

e 7D 

é 
d — a AT 
an Vo 7 ( ) 


If the applied input e is equal to H sin wt then the solution is 


Pon’ 


Vy = sin (wt — 7/2) ~ we. 4 EID) 


1 ; 
Variation of the gain —- with signal frequency is plotted in 
WT 


Figure 7.5a. This is very large at low frequencies and becomes 
equal to unity (0 dB) at an angular frequency w = 1/7; the 
logarithmic gain decreases uniformly at 6 dBs per octave and 
the phase shift corresponds to a constant lag of 90° at all 
frequencies. 

A differentiating element gives an output proportional to the 
time derivative of the input, thus 


yy =o 

so that Vo =7De ¢ oe «A TIS) 
In this case the solution to a sinusoidal input # sin wt is 

Vo = Hor (sin wt + 7/2)... (7,14) 


and the resulting gain/frequency response diagram is shown in 
Figure 7.5b. The gain increases at 6 dBs per octave and the phase 
angle between input and output is constant at 90° leading. 


7.3 Block Diagrams and Overall Frequency Response 


A complete system of elements may be represented in the 
form of a block diagram where the transfer function of each 
element is assumed to be a function of D of the form g,y,(D) 
where g,, is the steady-state gain and y,(D) defines the frequency 
dependent part of the transfer function as described in section 
72. 

Provided the input of one element does not appreciably load 
the output of the preceding element, then the overall response 
may be obtained as was done for the simple control system in 
Figure 7.16 by multiplying the transfer functions. Thus we 
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(b) 
Figure 7.6. Closed loop control systems. 

(2) Simple delay and integrator. 
(6b) Simple delay with negative feedback factor < I. 


will consider the system in Fvgure 7.6a, in which the controller 


contains a first order element having a transfer function ete D 
; 1 oe 
followed by an integrating element, 5: If the feedback element 
ee 
has a constant transfer function equal to unity at all frequencies, 
we have 


~DUt7,D) 


IT 


thus Sa SO 


(ryt) , D? + 2D 41 
91 fi 


By inspection it is seen that the undamped natural frequency 
and the damping factor are given by equating coefficients from 


equation 7.8. 
ee. | | 
fo _ 2a T1T9 
2 1 [ae 
cee ee 
Wo Gi 2N 9171 
Therefore, the natural frequency increases and the damping 


decreases with increasing gain g,. The system is always stable 
since the damping is never negative and the maximum possible 
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phase lag is 180° which occurs at infinite frequency. The system 
could be underdamped, however, and would then exhibit oscilla- 
tory tendencies when subjected to sudden disturbances at the 
input. 

Alternatively, let us consider the system in 7.66 for which the 
open loop transfer function is that of an element having a simple 

a 
l+7rD 

If a proportion h of the output is fed back to the input (hk < 1), 
then the output 0, is related to the input 6; by the equation 


exponential time lag, i.e. 


g 
— a. ° e ° ve 
0 = ap (Ox — Bo) (7.15) 
if gh is > 1 this becomes 
L/h 
2 seed . (7.16) 
. T 
2 ] nee, 
a ah D 


In the present case, therefore, the steady-state gain is reduced to 
the value 1/h and is therefore primarily dependent upon the feed- 
back network while the time-constant has been reduced from 
7 to 7/gh. 

These methods of specifying the elements in a closed loop 
system bring out an important consideration often overlooked in 
transductor design. 

It is sometimes inferred that by connecting two amplifiers in 
cascade the response time for a given amplification is reduced ; 
this of course is perfectly true, but two time-constants in cascade 
correspond to a second order system with more than adequate 
damping. If these two amplifiers are included in a closed loop, 
however, then the damping is reduced as the loop gain increases 
and the response may become oscillatory. 

On the other hand one time-constant, however large, can never 
cause instability when connected in a closed loop, and hence it 
may be that this alternative would be preferable in some cases. 
The problem must be carefully considered in relation to other time 
delays in the system. Thus if a short time-constant is inevitably 
present the two-stage amplifiers would cause hunting, while by 
using the single stage having a large time-constant the system 
would tend to be stable. If a large time-constant is inevitably 
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present, however, then the two-stage amplifiers would be prefer- 
able, since the two short delays could be regarded as negligible 
compared with the long delay already present. The former method 
of stabilizing a system results in a servo having a sluggish 
response, and therefore in high-speed servos it may be preferable 
to shape the open loop frequency response characteristics such that 
stability is achieved without losing speed of response. 
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CHAPTER 8 


TRANSIENT AND FREQUENCY RESPONSE 
OF TRANSDUCTORS 


N most applications the transient response of an amplifier is 
Lis important as the steady-state performance. ‘This is parti- 
cularly true when dealing with automatic control and servo 
systems where it has already been seen that an exact knowledge 
of the transient characteristics is necessary in order to design a 
stable control system. 

In certain types of amplifier the time lags are negligible com- 
pared with other time delays in the system ; this is seldom the 
case when dealing with transductors, however, and therefore it is 
essential that the transient characteristics of the magnetic ampli- 
fier should be understood. 


8.1 Energy Storage 


In most amplifying devices energy is drawn from the signal 
source and is stored in the amplifier in some form which permits 
the output to be suitably controlled. 

In the case of a transductor the input energy defines the mean 
flux level in the cores, which in turn determines the voltage which 
shall be applied to the load and hence the power dissipation in 
the load. 

Energy cannot be stored instantaneously, however, and the 
actual energy available for amplifying depends upon two factors, 
firstly the rate at which energy is supplied to the amplifier from 
the signal source, and secondly the time over which energy flow 
takes place. The rate of energy input is the power input and the 
time taken to store this energy is usually the chief cause of lag 
between the application of an input and the appearance of the 
amplified output. In addition to the energy storage which is 
directly associated with a change in the output power level there 
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is a certain rate of energy dissipation in the input circuit due to 
the copper losses, and although this energy dissipation appears 
to play no part in the actual process of amplification, it is closely 
related to the time-constant, as may be seen from the following 
elementary considerations. 

The present problem may be considered in terms of an induct- 
ance £ in series with a resistance #. The flux level in the in- 
ductance corresponds to the output of an amplifier, and when a 
voltage is applied to this series circuit, the current 7, and therefore 
the flux, increases exponentially with a time-constant 7 = L/h. 
If the conditions of the circuit are considered after a time 7 has 
elapsed the following relations may be written down : 


Rate of energy dissipation = Ri? 
Total energy stored W = $1? 


Time constant + = 
Therefore : 
2 X energy stored _ 


PS ee. Fe ee pat en ee aa gs ce 
rate of energy dissipation 


__ 2 X energy stored 81 

power input on 
This shows that for a given time-constant the power continuously 
dissipated in the input is proportional to the stored energy. Ifa 
given power output can be obtained from the amplifier for a 
certain energy storage, then by considering w to be the power 
output per unit of energy stored we have : 


__ power output 


8.2 
energy stored (8.2) 
and by combining this with equation 8.1 it is seen that 
ower output | 1 
o [over outrat 89 
power Input J7 


A useful figure of merit is thus proportional to the power 
output per unit of stored energy and is the ratio of the power 
amplification to the amplifier time-constant, the best conditions 
applying when the figure of merit is large. 

It is shown in Chapter 3 (equation 3.44) that for a given supply 
frequency the time-constant is proportional to the circuit power 
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amplification divided by the ampere-turns ratio, and it follows 
that the figure of merit will be directly proportional to the ampere- 
turns ratio G,, which should therefore be as large as is permitted 
by considerations of zero stability. 

Magnetic amplifiers thus tend to fall naturally into two classes, 
namely those having a slow response and a high power gain per 
stage and those having fast response and a low gain per stage. 
Within certain limitations there is no reason why one type of 
circuit should not be capable of exhibiting either of the above 
characteristics by a simple adjustment of the circuit parameters. In 
fact, however, better performance is obtained if the basic circuits 
are modified according to the required operating characteristics. 

This has given rise to the two types of circuit, the conventional 
full-wave circuits having large gains and comparatively slow 
response and the high-speed circuits based on the half-wave 
mode of operation which are characterized by a comparatively 
low gain per stage. The transient response of the former type of 
circuit is dealt with in this chapter, while the latter types are 
discussed in Chapter 9. 

Note that there are two ways of defining the response of a 
transductor amplifier. In certain circumstances it may be 
defined by the time-constant, i.e. the time required for the output 


: 1 , 
to reach a certain fraction ¢ — -] of its maximum value, 
6 


having applied a voltage suddenly to the input. 

In other cases the time-constant definition is of limited value 
and more useful information is obtained by considering the transier 
function (Chapter 7) and the response of the amplifier to a sinu- 
soidal control voltage of various frequencies. 

In Chapter 3 the transient response was considered for a trans- 
ductor without self-excitation, and in this case it was shown that 
for a resistive load the control flux increases by a small amount 
in each half-cycle until it eventually reaches a final value which is 
limited by the amount the control current can rise. It was also 
shown in Chapter 3 that the response when considered over a large 
number of cycles is approximately given by a smooth exponential 
increase of load voltage, once again the important limitation being 
that the load is resistive. Provided the overall performance of the 
transductor is defined by a first order equation (e.g. equation 7.2), 
the response will be exponential and comprevay defined by the 
time-constant. 
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If the load is also capable of energy storage, however, then 
another source of time delay is introduced ; this arises in the case 
of inductive or capacitive loads and often has the effect of com- 
pletely modifying the transient characteristics which can in certain 
circumstances give an underdamped response or even give rise to 
maintained oscillations. 


8.2 Factors Causing Time Delays 


There are three sources of time lag all of which may arise in a 
transductor : 

(1) An exponential time lag between the control voltage and 
the control flux. This has already been discussed in Chapter 3 
for certain limiting conditions. In practice it is usually somewhat 
longer than the value calculated on the basis of the assumptions 
made in Chapter 3. 

(2) A fundamental time delay due to the fact that the device 
is behaving essentially as a switch, and that sampling does not 
take place continuously but at predetermined times thereby 
giving rise to a time delay of at least one half-cycle. 

(3) A time lag between the application of a voltage to the load 
and the growth of current in the load ; this time lag will depend 
upon the nature of the load, and it may interact with the flux 
time-constant to give underdamped response of the transductor, 
particularly when the self-excitation is incomplete. Whether or 
not the response of the transductor is oscillatory, however, it is 
most important to recognize the existence of two time lags and to 
realize that however well damped they may be on open loop they 
are liable to cause instability when used in a control system on 
closed loop under conditions where one time lag, although much 
longer, could never cause instability. It is therefore a serious 
fallacy to assume that the overall response due to two exponential 
time lags can be expressed in terms of a single time-constant. 
These facts follow from the discussion in section 7.3. The various 
time lags will now be considered in greater detail. 


TRANSDUCTOR FrLUx Time Lag 


8.3 Time Lag Due to Control Winding Only 
The time delay due to the back e.mf. set up by the growth of 
control flux is the only appreciable time lag in a transductor when 
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its load is resistive. In the case where no other windings are 
coupled to the control winding, this time-constant has already 
been evaluated for self-excited transductors in terms of the voltage 
amplification (equation 3.43) or the circuit power amplification 
and the ampere-turns ratio (equation 3.44). The corresponding 
expressions for auto-excited transductors can be obtained imme- 
diately from the similarity theorem. 

Thus, considering an auto-excited transductor having a.c. turns 
N,, it was shown in sections 5.2 and 5.4 that the equivalent self- 
excited transductor has a.c. turns V,/2 and also half the ampere- 
turns ratio. 

Therefore for auto-excited circuits the respective time-constants 
corresponding to those given in equations 3.43 and 3.44 are 
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where L,,, is the inductance of one control coil, and &, the total 
control circuit resistance. It is seen that this is half the time- 
constant of the control circuit when operated under the conditions 
of no a.c. excitation. 


8.4 Time Lag Due to Additional Windings Coupled to the Control 
Winding 

In practice other closed circuits are magnetically coupled to 
the control circuit and e.m.f.s induced in these circuits produce 
currents which also tend to slow down the growth of the average 
flux ; the control circuit, however, is generally the predominant 
factor in determining the flux time-constant. Nevertheless, the 
existence of induced e.m.fs. elsewhere can place a lower limit on 
the time-constant however fast acting the control circuit is made. 

The following closed circuits, in addition to the control circuit, 
tend to delay the growth of flux. 
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(a) Hddy Current Paths in the Core. When the mean flux 
changes, induced e.m.f.s are set up in the core as a result of which 
eddy currents circulate in the core material itself. The eddy 
currents produce a component of flux which opposes the original 
change in the mean flux level and thereby introduces extra damp- 
ing associated with the growth of flux. ‘This problem is of course 
a well-known one and is minimized by forming the core of a large 
number of thin laminations insulated on one side. For a given 
core the time-constant due to eddy currents is proportional to 
the permeability divided by the specific resistance of the core 
material, and in most cases the effect of eddy currents is suffi- 
ciently small to be neglected. 

(b) Bias Windings. Bias windings are coupled to the control 
windings and are therefore liable to cause flux damping. The 
time-constant of the bias circuit is usually reduced to negligible 
proportions by placing a large resistance in series with the bias 
windings ; the necessary current is then forced through the bias 
coils from a comparatively high voltage source. 

(c) Hxtra Control Windings. When there is more than one 
control winding on a transductor, the overall flux time-constant 
depends upon the damping due to each individual winding 
although at any given time only one of the applied inputs may be 
changing. At any instant the resultant control m.m.f. acting on 
the core is given by the sum of the individual m.m.f.s due to all 
circuits linking the control circuit. Let us now, therefore, consider 
the case of an auto-excited transductor having several control 
windings 1,2... mand corresponding control voltages /,, #,,, 
etc. (Figure 8.1). Each of these windings are coupled to the same - 
pair of cores and it is shown in Appendix 8 that, provided the 
transductor operates over its linear range, the mean flux increases 
exponentially with a time-constant 7,. 
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Therefore the time-constant due to any one pair of control 
windings is equal to one-half its time-constant considered as a 
simple inductance consisting of two coils in series having a total 
circuit inductance 2, and circuit resistance h,. The total time- 
constant for the control flux is then given by the sum of the con- 
tributions due to each circuit. 

The final value of the mean flux will be due to the total m.m-f. 
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from the steady-state currents flowing in each of the circuits. Closed 
circuits to which no control voltage is applied will not influence 
the steady-state value but will contribute to the delay nevertheless 
during the transient period. It should be noted that, contrary 
to the remarks made in section 8.2, the addition of time-constants 
in this case is permissible because the complete relationship 
between control voltage and flux is a first order equation which 
defines a simple exponential, whereas two time-constants in 
cascade cannot be so represented (Chapter 7) and therefore in the 
latter case the overall time-constant cannot be obtained by adding 
the individual time-constants. 

(d) Closed Circuit Due to Self-Exciting Windings. Of all the 
possibie circuits coupled to the control circuit the one which 
exerts the most important influence on transients is the closed 
circuit formed by the self-exciting windings through the self- 
excitation rectifier from M to N (figure 5.16). A similar closed 
circuit of course exists in the case of auto-excited connections. 
Unfortunately a realistic analysis of this effect is very difficult 
due to the complicated action of the auto-excitation rectifier. 
The extra damping due to this circuit has been investigated by 
Krabbe * on the basis of rectifiers for which the resistance 
changes discontinuously from zero to infinity at the origin. Even 
with these limiting assumptions, however, the mode of operation 
is still obscure and the results of Krabbe’s analysis do not agree 
well with practical experience. Despite this, however, the 
analysis certainly has some value, firstly because it indicates 
the existence of a time-constant which depends upon the 
magnitude and sign of the signal, a resulf which is borne out 
in practice, and secondly because it is probably correct in principle 
but rendered inaccurate by the uncertainty regarding the exact 
operation of the rectifier when the current flowing in it is small. 

Krabbe considers the mode of operation for several types of 
auto-excited transductor loading, and in all cases the predicted 
contribution to the time-constant is greater than that found in 
practice. One case will be considered in the following section. 


8.5 Total Flux Time Lag of Auto-Excited Transductor with Smooth 
Control Current 
The circuit about to be considered is shown in Figure 8.2, in 
which the load is external and may be either an a.c. load or fed 
through a separate rectifier. The currents flowing in the a.c. 
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windings are, as previously, divided into two components, a 
circulating component 7,/2 and the components of external current 
4,/2. It has already been shown that the only essential difference 
between this circuit and the one employing complete self-excita- 
tion is that in the latter case the two components of current flow 
in separate windings, namely the self-exciting windings and the 
a.c. windings, the former being coupled magnetically to the 
control windings. In the auto-excited connection a similar 
coupling occurs. This coupling is such that e.m.f.s induced from 
the control circuit flow along the same path as the circulating 
component 7,/2 but do not influence the resultant component 
which flows in the external a.c. circuit. 
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with several isolated control ductor to show extra flux damp- 
windings. ing due to a.c. windings. 


If the total resistance round the closed circuit through MN is 
very large, then the time-constant of this closed circuit will be 
small as a result of which the circuit will not influence appreciably 
the flux time-constant. Ifthe resistance is small, however, large 
currents will flow as a result of the induced e.m.f.s and the resulting 
effect on the time-constant will be appreciable. The resistance 
round this closed circuit is almost entirely governed by the 
rectifiers and on the basis of the idealized rectifier, there will be 
two possible values of the resistance. If both rectifiers are con- 
ducting the resistance round the closed circuit will be that of the 
a.c. windings 2r,,,, but if either rectifier is non-conducting the 
resistance becomes infinite. It is therefore necessary to investi- 
gate the behaviour of the rectifiers in the auto-excitation 
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circuit. This is done on the basis of the reverse voltages 
existing across the rectifier valves and has already been consid- 
ered in Chapter 5 for the steady-state conditions. 

When considering transients the rectifier operation is also 
influenced by e.m.f.s induced in the closed circuit from the control 
circuit and it is therefore necessary to consider the various possible 
modes of operation which are likely to arise during a half-cycle. 
These will differ essentially according to ane magnitude and sign 
of the applied control voltage. 

Case 1. One Core Saturated. When one of the cores is saturated 
(core A say). It has already been shown that a reverse voltage 
exists across the rectifier (2), the magnitude of this reverse 
voltage being equal to the voltage drop in the a.c. windings on 
core A. This voltage drop will have a mean value equal to 7,7,,, 
where 7, is the mean load current all of which flows in the a.c. 
winding on core A during this conducting period. The rectifier (2) 
can only become conducting if an e.m.f. induced from the control 
circuit via the a.c. coil Bis equal and opposite to this voltage drop. 

If the control voltage is suddenly increased, tending to send an 
additional control current in a clockwise direction (figure 8.2), 
the induced e.m.f. in the a.c. coil B will attempt to force a com- 
ponent of current in such a direction as to oppose the attempted 
increase of control flux. This e.m.f. will act against the rectifier (2), 
however, and will therefore merely increase its reverse voltage. 
Thus an increase in the control voltage cannot make the non- 
conducting rectifier become conducting. By the same reasoning, 
however, a decrease in the control voltage could cause an induced 
e.m.f. sufficiently large to cancel out the reverse voltage across 
the rectifier (2) and hence make it conduct. In order to do this 
the induced voltage would need to be greater than the voltage 
drop in coil A. 

Let us now consider the likelihood of this occurring. The 
voltage induced in coil 6 from the control circuit cannot be 
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Therefore : 


voltage induced in a.c. coll B | #N,/N, 
voltage drop in a.c. coil A tous * 
If this ratio is less than unity then the rectifier valve (2) will 


continue to experience a reverse voltage during the conducting 
period. In order to obtain the order of magnitude of this ratio, 
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consider the conditions when the load resistance Rf, is equal to 
the internal resistance r,,.. Under these circumstances the above 
ratio is equal to 

1 N, 


voltage amplification N,’ 


1 
which is approximately equal to (equation 8.5). The quantity 


afr 
2fr is the number of half-cycles which elapse over an interval 
equal to the time-constant. This is usually much greater than 
unity and hence the reciprocal is less than unity so that the 
rectifier cannot conduct over this period. 

It therefore follows that the auto-excitation circuit cannot 
contribute to the flux damping during the period when one core 
is saturated since one of the rectifiers is cut off and the circuit is 
therefore open. 

During these periods, setting of the flux from ¢, to ¢g (Figure 5.2f) 
takes place purely due to the control voltage and changes in the 
mean flux level will be governed by the control circuit alone. 

Case 2. Both Cores Unsaturated. During the period when both 
cores are unsaturated it has already been shown that both 
rectifiers tend to conduct due to the circulating current 7,/2 which 
is maintained round the closed circuit (section 5.1). It follows 
that for small changes of control voltage in either direction this 
closed circuit will represent an additional winding coupled to the 
control winding. 

If a large increase of control voltage takes place the rectifiers 
will tend to cut off during non-conducting periods so that once 
again the time-constant would be governed primarily by that of 
the control circuit alone. Throughout the cycle, therefore, the 
control windings are not coupled to any other windings. This 
case corresponds to the simple one investigated in Chapter 3. 

If the control voltage is suddenly decreased by a large amount, 
however, an e.m.f. is induced in the closed auto-excitation circuit 
which causes a current to flow through the rectifier in the forward 
direction from M to N, thereby causing the extra damping due 
to the a.c. windings. 

From the preceding discussion it is seen that, in general, for 
increasing signals, the flux time-constant depends only upon the 
control circuit, but for decreasing signals it is governed by two 
possible values of time-constant, one which applies when one of 
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the cores is saturated and the other when both cores are un- 
saturated, and since the relative times over which they apply 
depend upon the duration of the conducting period, the time- 
constant depends to some extent upon the output level. 

If the conducting period occupies a large fraction of the half- 
cycle, then the time-constant will tend to be governed primarily 
by that of the control circuit. But at low output levels the time- 
constant is appreciably longer due to the greater period over 
which the extra damping is effective. 

In practice, the response time is less than that predicted by 
the above results; this is probably due to the fact that the 
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Figure 8.3. Typical curves showing flux time-constant for an auto-excited 
transductor as a function of control circuit resistance. 


forward resistance of the rectifier cannot easily be taken into 
account. ‘This resistance varies considerably for changes of 
current near zero, and such variations which are taking place due 
to the small magnetizing components of current are quite likely 
to mask the effect of the winding resistance. 

Figure 8.3 shows a typical variation of time-constant with 
control circuit resistance for a large change of output level : 
curve (a) applies to an increasing control voltage. In this case, 
there is no damping from the a.c. windings due to the blocking 
action of the rectifier, and the transductor response time, being 
governed only by the control circuit, approaches the limiting 
value of one half-cycle as the control circuit resistance increases 
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indefinitely. Curve (6) applies to a decreasing control voltage, 
and here the time lag approaches a finite value which is that due 
to the closed circuit formed by the a.c. windings. 

Oscillograms taken for these two conditions, i.e. increasing and 
decreasing control voltage, are shown in Fugures 8.4a to d. 
The traces (a) and (6) record the output transient for increasing 
and decreasing step inputs respectively. The control circuit 
resistance in this case has a moderate value. When the control 
circuit resistance is very large (c and d) it is seen that the 
response to an increase of control voltage is practically instan- 
taneous, but that an appreciable delay is still present for decreas- 
ing signals. 

In cases when it becomes important to reduce the time lags to 
a minimum this can be achieved by placing the load in the closed 
circuit formed by the two a.c. windings (figure 5.1c). This has 
the effect of reducing the extra damping and therefore speeding 
up the response of the transductor. Unfortunately this method 
of connection leads to correspondingly higher reverse voltages 
across the auto-excitation rectifiers as described in section 5.17. 

Due to the identity existing between the auto-excited and the 
completely self-excited connections, the preceding remarks apply 
also to self-excited transductors, in which case improved response 
is obtained by placing the load in series with the self-exciting 
windings. 

The time delay due to the closed circuit formed by the auto- 
exciting windings cannot be completely eliminated in these 
conventional full-wave circuits, even by sacrificing power amplifi- 
cation, and this is the chief reason why it has been found necessary 
to evolve the special circuits discussed in Chapter 9 in order to get 
a high speed of response. 


8.6 Frequency Response of Auto-Excited Transductor 


It is evident from the previous section that the response of a 
transductor with auto-excitation is non-linear and dependent 
upon the magnitude and direction of the signal; it therefore 
cannot strictly be represented by a linear transfer function. 

Useful results are often obtained in servo-engineering, however, 
by making approximations which allow the use of the transfer 
function in order to facilitate the design of control systems. 
Therefore, although the problems discussed in this chapter are 
non-linear in varying degrees, there is little doubt that advantages 
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are gained by making approximations in order to achieve a 
result. 

If, for example, the flux time-constant is estimated as being 
approximately equivalent to some value 7,, allowance being made 
for the various spurious effects discussed in sections 8.4 and 8.5. 
Then the transient relationship between the control voltage and 
the mean output voltage could be written as the transfer function 
for a first order system, i.e. 
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Figure 8.5. Frequency response of auto-excited transductor. 


output following a step increase (or decrease) of input is charac- 
terized by a number of discreet pulses of output each of which is 
slightly larger (or smaller) than the foregoing one. Thus there is 
liable to be a fixed time lag of one half-cycle of the supply in 
addition to the time-constant due to flux damping. 

When referred to a signal frequency response diagram this 
time lag does not produce attenuation of the output but does 
give rise to a phase shift. If the signal frequency is very low 
compared with the supply frequency this phase shift is 
negligible and the frequency response therefore approximates to 
that implied by the transfer function of equation 8.7. As the 
sional frequency increases, however, the constant time lag pro- 
duces an appreciable phase shift and therefore modifies the phase-. 
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frequency characteristic, but does not alter the amplitude- 
frequency characteristic. 

Since the maximum possible value of the lag is one half-period 
of the supply frequency it follows that this lag will give a phase 
shift of 180° when the signal frequency is equal to the supply 
frequency. If the signal frequency is a quarter of the supply 
frequency, then the phase shift due to this lag is 45°. The 
latter signal frequency is quite a likely one to occur in practice 
and the phase shift correction is appreciable. It is therefore 
important to take this into account when designing a fast mag- 
netic amplifier for servo applications. 

Example. The estimated time-constant of a 500 c/s transductor 
is -01 secs. and the voltage gain is 10 (20 dB). It is required to 
know the gain/phase response of this unit as a function of signal 
frequency. 

Figures 8.5a and b show the gain and phase shift respec- 
tively corresponding to a first order time delay of -01 sec. 

Figure 8.5¢ shows the additional phase shift, due to a half- 
cycle delay, as a function of signal frequency where the additional 
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Figure 8.5d shows the overall phase frequency response diagram 


obtained by adding (b) and (c). 
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8.7 Transients Due to the Load Circuit 


In the previous section it was shown that a simple time lag 
exists between the control voltage and the mean output voltage 
of an auto-excited transductor. When the load contains reactive 
elements, however, there is a further time delay between the 
mean output voltage @, and the resulting currents, before a 
steady-state is reached. ‘There are two currents which require 
consideration, firstly the load current and secondly that flowing 
in the a.c. windings of the transductor. The former is of interest 
since it defines the output directly, and the latter because it may 
react back on the flux time-constant in such a way as to modify 
the overall response of the transductor. This occurs when the 
self-excitation is incomplete or when feedback is used with an 
auto-excited transductor. In Chapter 6 we considered the steady- 
state-values of mean load current 7, and mean transductor 
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current 7, in terms of mean resistances R, and R,, respectively 
for inductive and capacitive loads. Interest is now centred on 
the transients which occur prior to the steady-state condition. 

For a circuit consisting of linear elements it is usually a com- 
paratively simple matter to determine the transients which occur 
as a result of changing the voltage applied to the circuit. When 
considering the transductor, however, two difficulties arise, 
first the load circuit normally includes a rectifier which is a 
non-linear element, and second the applied voltage e, is of a 
form which cannot be expressed as a simple function of time. The 
voltage consists of pulses corresponding to the ungated portions 
of a sine wave and the mean value of these pulses considered 
over a half-cycle of the supply frequency is the mean output 
voltage €, applied to the external circuit. This circuit includes 
the internal resistance of the transductor and that of the load 
rectifier and the resistance of the load circuit. Our present 
interest is centred on the way in which the mean load current 
and the mean current in the a.c. windings change following a 
sudden change in the mean applied voltage. 


(Cc) (ad) 


_ Figure 8.6. Inductive and capacitive loads. 


(a) Rectifier fed (series inductive). (b) Rectifier fed (shunt capacitive). (c) Linear 
inductive circuit. (d) Linear capacitive circuit. 
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As in previous cases the present problem is simplified by assum- 
ing that the supply voltage is a square wave and therefore the 
ungated portion of this, ie. the output from the transductor 
consists of rectangular pulses. 

When a core saturates this voltage is applied to the rectifier 
fed load circuit through the internal resistance of the transductor. 
Two types of load will be considered as shown in Figure 8.6 ; 
(a) corresponds to a load consisting of series inductance while 
(6) corresponds to a load with shunt capacitance. It is assumed 
in the following discussion that the load transients settle down 
over a period which is large compared with the duration of one 
half-cycle. 


8.8 Transients Due to Inductive Load 

Considering the circuit in Figure 8.6a, at a time ¢ =0 a 
train of pulses of peak value ZH, is suddenly applied to this circuit 
(Figure 8.7a). Although these pulses are of alternate sign, 


Figure 8.7. Load circuit transients due to a sudden change in transductor output 
| (inductive load). 


(a) Output voltage. (b) Output voltage rectified and load current 7;. (c) Trans- 
ductor current. 


they appear to the load circuit as unidirectional due to the routing 
action of the bridge rectifier. The sign of the pulses applied to the 
load circuit is therefore always positive as shown dotted in 
Figure 8.76. Diagrams showing the growth of load current and 
transductor current are shown in Figures 8.7b and c respectively. 

Up to the time #,,, no voltage is applied because the cores are 
unsaturated, but at t,, the full voltage #, is applied to the external 
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circuit. The current cannot increase suddenly, however, due to 
the inductance and therefore during the first pulse almost the 
whole applied voltage appears across the inductive part of the 
load and the rate of increase of current is a maximum and 
approximately equal to H,/L,. Over the duration of this pulse 
the current builds up to a value J;, by the end of the first: half- 
cycle when desaturation occurs and the applied voltage decreases 
to zero. The load current now tends to be maintained round the 
closed circuit formed by the two halves of the bridge rectifier 
acting in parallel. Over this period the load current decays to a 
value 7,, due to the resistance of the load. The rate of increase 
of load current during conducting periods is proportional to the 
voltage applied to the inductance L;, and the rate of decay 
during non-conducting periods is proportional to the magnitude 
of the current. Thus in each conducting period the rate of 
increase of current becomes successively smaller due to the 
increased potential drop across the resistance. Similarly the rate 
of decay during non-conducting periods gets greater as the load 
current increases. Ultimately this results in a steady-state of 
operation when the total increase of load current during con- 
ducting periods is equal to the decrease during non-conducting 
periods. 

Thus the load current gradually builds up by a small amount 
in each half-cycle but approaches a final steady-state mean 
value. It is shown in Appendix 9 that the time-constant 
governing this build-up is given by 

Tr, = ae ae (8.9) 


(1 + (28/7) 7.) 


This result shows that 7, depends slightly upon the duration of 
the conducting period and furthermore that the result is governed 
by the mean resistance already defined for the steady-state per- 
formance. In practice the errors involved by considering the 
value of 7;, to be constant even for a sine wave supply voltage 
are not unduly large. Since the transductor current is equal in 
magnitude to the load current during conducting periods 
(Figures 8.7b and c), it must be governed by the same time- 
constant as that applying to the growth of load current. 

The steady-state values of mean load current and mean trans- 
ductor current for a given applied voltage have also been 
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calculated in terms of #, and R,, (see equations (6.10) and (6.11)). 
Since they are also both governed by the same exponential 
time lag, the transfer impedances may be written down thus : 
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and for an inductive load 
ry = Ly/Rat . .. (8.11a) 


Ry, = Bz|1 + (2p/2) 72 
Ka ~ (9B) | 
where Y,;(D) and Y,(D) are the frequency-dependent parts of 
the transfer functions and in this case are equal. The mean 
applied voltage @, may be varied sinusoidally with time by 
applying a low-frequency signal voltage to the control circuit. 
This will cause a corresponding sinusoidal variation of mean load 
| 77, (peak) 
é, (peak) 
quency variations and the phase shift between them may be 
plotted logarithmically for various signal frequencies as described 
in section 7.2 where it was shown that the response is constant up 


and 


1 + (28/7) re 


current. The amplitude ratio of these two low-fre- 


i 
to a frequency equal to : after which the amplitude of the 


op 2 
load current decreases at 6 dBs per octave and the phase shift 
approaches 90°. 

Since the assumed transfer function for the mean transductor 
current is of the same form, its frequency response diagram will 
be the same as that for the load current apart from the steady- 
state term. 

It should be remembered that, although the load current 7, is 
unidirectional, the transductor current 7, is alternating and the 
transfer impedance given in equation 8.11 refers to its mean 
value considered over a positive half-cycle of the supply fre- 
quency. If we compare the circuit in Figure 8.6a excited from 
alternating pulses with that in Fvgure 8.6c excited from a 
smooth applied voltage the following points are worth noting. 
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In the latter case, since there is no rectifier, 7, and 7, are the same 


and the steady-state value is The transfer function is given 
by 

Ve ] 1 1 

é, Ry (1+ 7D) Be tet 

In the former case the steady-state mean values of transductor 

current and load current are not equal but differ by the factor 
R,1/R, = 28/1 which takes into account the fact that the 
applied voltage occurs in the form of alternating pulses switched 
by the rectifier. In both cases, however, transients are governed 
by the same time-constant which gives rise to a lagging phase 
angle between both currents and the applied voltage. 


8.9 Transients Due to Load with Parallel Capacitance 

When a capacitor is placed in parallel with the load (Figure 8.6b) 
a time delay is again introduced ; in this case it is because the 
voltage across the capacitor cannot change suddenly and since 
the capacitor voltage exists also across the load it follows that 
the load current experiences a similar time lag. It will be shown, 
however, that the mean transductor current does not behave 
in this way and that if the mean applied voltage is suddenly 
increased the current 7, is initially very large, eventually decaying 
to a much smaller value in the steady-state. 

The transients due to a capacitive load will now be considered 
for the case where the mean applied voltage consists of a train 
of rectangular pulses applied to the load circuit at a time t = 0 
as in Figure 8.8a. The full-line curve in Figure 8.8) represents 
the load voltage and is therefore proportional to the load current. 
During the first conducting period, starting at a time ¢,,, charge 
flows rapidly into the capacitor raising its voltage to a value #,, 
by the end of the conducting period. The rapid flow of charge 
corresponds to a large current drawn from the supply during the 
first conducting period (Figure 8.8c). During the following 
unsaturated period the coil current is appreciably zero due to 
the gating action of the transductor, and a small quantity of the 
accumulated charge in the capacitor flows into the load resistor 
thereby slightly reducing the capacitor voltage, i.e. the load 
voltage to the value e,,. During succeeding conducting periods 
the charge in the capacitor increases progressively, but at a 
steadily diminishing rate as the load voltage gradually approaches 
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Figure 8.8. Transients with capacitive load due to sudden change of trans- 
ductor output. 


(a) Output voltage. (6) Output voltage rectified and load voltage. (c) Trans- 
ductor current. 


its steady-state value. At the same time the current drawn 
from the supply decreases progressively in each conducting 
period until ultimately the mean coil current has decreased to 
its normal steady-state value. The coil current during conducting 
periods contains two components, one due to the load current 
and the other due to the flow of charge into the capacitor. The 
latter component is proportional to the rate of flow of charge 
and therefore is a maximum when the rate of charge flow is 
maximum, i.e. when the voltage e, is first applied (c). 

It is shown in Appendix 9 that for the same limiting assump- 
tions as those applying to an inductive load, the frequency 
response of the mean load current and mean transductor current 
are respectively given by 


i, Yaz(D) 1 | 1 | 
ea = eal (aaa o: tn AGS) 
eq Rat Rat | ae 71D . ( a 
be 2D). te. F a cA 
and pes eee (8.14) 
where TL — Cuhis | . .  . (8.15) 
Rar 
Ty, =C,R, . . ° (8.16) 
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and from Chapter 6 we have for a capacitive load 


Rat — R —= Py a (28/7’) ik 
a 
This circuit with capacitor smoothing may be considered 
analogous to the circuit in Figure 8.6d to which the input é@, 
does not consist of pulses but a steady voltage applied at a given 
time, or a low frequency sine wave. The following linear transfer 
function may be written down for this circuit : 


a 1 | 
= Sey fa a ay 5 was pe OORT. 
é, Ak LI +7,D ( ) 
7 | D 
= are | (8.18) 
€; Rill +7,D 
C,kr7, 
where 1 = Ee 
Tz =O ft, 
and R,=R, +1, 


The earlier equations (8.13 and 8.14) for the non-linear circuit 
are seen to be identical to these (8.17 and 8.18) for the linear 
case, provided the resistance R, in the former replaces R, in the 
latter. 

It is interesting to note the close similarity in form between 
the non-linear and the linear cases, however. ‘The theoretical 
frequency response for the mean transductor current correspond- 


ing to linear transfer functions of the form given by equation 


6 dB 7 octave 


Gain aB 
0 


Fhase 0° 


OT 7 1 100 1000 
—~> Frequency 


Figure 8.9. Frequency response diagram showing typical log gain and phase 
response plotted against frequency for a linear capacitive circuit (Figure 8.6d), 
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(8.17) and (8.18) is shown in Figure 8.9. At very low frequencies 
and very high frequencies the phase shift is zero, but over a 
range of signal frequencies the phase angle is leading and the 
amplitude ratio increasing. Therefore, to summarize the fore- 
going results, it has been shown that when the transductor is 
operating into a rectifier fed load, the mean load current and the 
mean transductor current are both approximately determined 
by transfer impedances which are of the same form as those 
governing linear circuits excited by continuous voltages rather 
than alternating pulses. 

There are, of course, a large number of other load circuit 
configurations, many of which would have extremely complex 
transfer impedances—the two already discussed are of a rela- 
tively simple nature and the relationships evolved for many 
purposes represent an over simplification of the problem. 

It should be remembered, however, that the transfer impedances 
expressed in the general form Y(D) need not be expressed analy- 
tically, but rather by means of the frequency response charac- 
teristic which gives a more accurate representation if it is obtained 
experimentally in the form of a curve such as that shown in 
Figure 8.9. 


OVERALL RESPONSE CHARACTERISTICS OF TRANSDUCTORS 
| on LOAD 


Having considered the transductor flux time lag and the pos- 
sible nature of additional time lags due to energy storage in the 
load, it is now possible to determine the combined effects of 
these two time delays on the overall response characteristics. 

The type of response obtained with a transductor depends very 
much on the conditions of operation and in particular the degree 
of self-excitation. We will therefore start by considering the 
simplest and commonest case, namely that of a transductor 
operating with complete self-excitation or auto-excitation without 
feedback. 


8.10 Auto-Excited Transductor with Reactive Loading 


In order to consider the dynamics of the auto-excited trans- 
ductor with a reactive load, it is necessary to assume that the 
auto-excitation rectifiers have infinite reverse resistance otherwise 
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the action would be similar to that of a partially self-excited 
transductor. In the latter case interaction occurs between the 
load time-constant and the flux time-constant which might cause 
an oscillatory response—this is considered in section 8.11. 

In the present case this cannot occur, and therefore, as shown 
in Chapters 4 and 5, the transductor has a low output impedance 
so that the mean voltage applied to the load is ideally dependent 
only upon the control voltage and related to it by a simple first 
order transfer function G, Y,(D) (see section 8.6) 


where G29, = 
WT 
The mean output voltage, in turn, produces a current in the 
load according to the general relationship 
vy, = ¥. ai(D ) 
é Rat 


Thus, considered as a block diagram, the auto-excited trans- 
ductor with any type of load may be represented as in Figure 8.10. 


fan 


Figure 8.10. General block diagram, for an auto-excited transductor with any 
type of load. 


The element A corresponds to the transductor amplifier and the 
element B the load, to which the input is a voltage and the output 
is the mean load current. 

Since in this case the transductor has a low impedance output, 
it can be considered that the voltage @, is independent of the load 
impedance and in these circumstances the overall transfer function 
is the product of the individual transfer functions (section 7.3). 
Thus i, = G,Y,(D) Val?) E, 4s (8.19) 

Rat 

The dynamic response is fixed by the product Y,(D)Y,,(D), 
and if each of these functions is known either in an analytical form 
or as frequency response characteristics, then the overall response 
can easily be found by combining the two as shown in Chapter 7. 
As a simple example let us consider the case of a transductor with 
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auto-excitation feeding a capacitive load such as that described 
in section 8.9. In this case we have 


_t wM,, 
7 og R, 
Ve 
oY) 1+ 7,D 
=< 1 
0) = TF a(D) 
“5 R 
Rus = re] + 28/7) “4. 
1 wM 1 i 
Therefore 71, =- — a Np ee 


The overall frequency response of an auto-excited transductor 
with a d.c. reactive load is governed by the product Y,(D), Y,,(D) 
and typical response characteristics depicting gain and phase 
shift are shown in Figures 8.11 and 8.12 respectively. These 
curves refer to a transductor for which 


f = 400 c.p.s. 
T, = '065 secs. 
k, = 100 ohms. 
Y, == 100 ohms. 
C,, = 62 pF 


and the conducting period f is, at all times, less than 7'/8, 

The curves (a) in Figures 8.11 and 8.12 are estimated from the 
above numerical data while the experimental points are also 
shown for comparison. 

The estimated curves are obtained by the following steps : 

(1) Determine Cut-off Frequencies. In the first instance both 
the transductor flux lag 7, and the load time lag 7, are considered 
to give rise to the familiar type of response associated with a 
single time delay each having a nearly constant gain up to the 
cut-off frequency = and thereafter an attenuation of 6 dB per 
octave ; the phase lag being 45 degrees at the cut-off frequency 
and increasing to 90 degrees as the signal frequency increases 
indefinitely. 
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In the case of the transductor time lag 7, the signal frequency 


at cut-off is equal to 
] 


The load time lag is not known exactly, but it may be estimated 
approximately on the basis of a square wave supply voltage and 
a conducting period equal to 7'/8, thus from equation (8.15) 

_ Cobre 
aad Rat 


and for a capacitive load 


== 2-45 c/s. 


Ra, = rll + (26/7). “2, 


x 


R 
Therefore Ti =" CA, a 
L 


1 + (28/7) 


_~ 62% 100 x 10" 
= 1+4.1 

= x 104 
125 


= +0041 seconds 


giving a cut-off signal frequency equal to 
1 
27 X :0041 


— 38°5 c/s. 


(2) Determination of Overall Gain/Frequency Response. 'The 
gain/frequency characteristics for the transductor and the load 
may now be plotted separately (Figures 8.11b and ¢ respec- 
tively). The result of superimposing these curves gives the 
overall gain referred to unity (zero dB) at zero frequency 
(Figure 8.114). 

(3) Determination of Phase/Frequency Response. The usual 
phase/frequency characteristics appropriate to a simple time lag 
are also plotted for the two cut-off frequencies determined in (1) 
above. ‘These are shown in curves (6) and (c), Figure 8.12, for 
the transductor and load respectively. 

The result of superimposing these gives the curve (d), to which 
must be added the phase shift due to a half-cycle delay as described 
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in section 8.6. Ata signal frequency f- this phase shift is equal to 
Je 


400 x 180 degrees and the result of adding this correction is 
shown in the final curve (a). 

Although there is some discrepancy between calculated and 
theoretical results, the calculated result is pessimistic rather than 
optimistic with the result that these calculations are on the safe 
side when estimating for design purposes. 

When the load is inductive, the same type of result is obtained, 
the load time-constant having been defined in equation 8.1la. 

It should be noted that in the case of a capacitive load the 
leading phase angle between the transductor current and the 
output voltage (section 8.9) does not influence the operation ; this 
is because the transductor current cannot react back on the core 
flux due to the auto-excitation ; for this reason the function 


Y ,(D) is irrelevant to the output, which is governed by Y,,(D), 
a simple exponential lag. 


$.11 Transient Response of a Transductor with any Proportion of Self- 
Excitation 

The amplification due to a transductor with any proportion of 
self-excitation was considered in Chapter 4 for the steady-state 
condition. The analysis in Chapter 4 may be extended to cover 
the dynamic operation ; before considering this, however, let us 
first consider the problem on a physical basis. 

This problem relates to the way in which a phase displacement 
between the mean output voltage and the mean transductor 
current 7 can cause an oscillatory response to an applied control 
voltage. In order to simplify the discussion it will be related to 
a transductor which has no self-excitation. 

If the control voltage is considered to vary at a low frequency, 
the mean output voltage will vary at the same frequency but 
with a lagging phase angle due to the flux lag 7, As a result of 
this output voltage a certain mean current flows in the transductor 
windings. 

If the load is resistive this mean current will be in phase with the 
output voltage. At zero signal frequency the transductor current 
flows in the windings in such a direction as to oppose the effect of 
the control voltage thereby giving rise to the negative feedback 
action discussed in Chapter 4. As the control frequency increases 
the phase angle between the control voltage and the output 
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voltage increases up to a maximum of 90°, and therefore the 
transductor current has always got a component which opposes 
the action of the control voltage. 

If the load is reactive, however, then, as we have seen, an 
additional time lag is introduced. ‘This causes a phase shift 
between the mean output voltage applied to the a.c. circuit 
and the mean value of the resulting transductor current so that, 
although in the steady-state, the voltage-time due to the a.c. 
windings opposes that due to the control windings; there may be 
certain control signal frequencies for which the total phase shift 
will be sufficient to cause this action to assist the control voltage 
with the result that at these frequencies the sensitivity is in- 
creased > 

The increased sensitivity at certain frequencies is characteristic 
of systems which are defined by second order equations and which 
in addition are only slightly damped. 

Such properties can be attributed to the transductor without 
self-excitation or to one with a limited amount of self-excitation. 

When the self-excitation is complete, however, there are no 
a.c. components magnetizing the core during conducting periods 
and therefore the mean flux level in the core is determined by 
the control voltage acting alone. 

In this case the system is still defined by a second order equation, 
but the damping is much greater than critical and the response 
is given by two exponentials in cascade as shown in section 8.10. 

In order to examine these effects on a semi-quantitative basis 
it will be assumed that the load network can be defined by a 
linear transfer function of the forms given in sections 8.8 or 8.9. 

It was shown from the m.m.f. and flux diagrams in Figure 4.4 
that at any instant,* assuming the control current does not 
contain high-frequency components (i.e. A = 1), the mean 
m.m.f.s and fluxes may be related by the equation 


F, +S, =1,(N, — N,) +28¢, . .  . (8.20) 
(see equation 4.12) 


Also the mean output voltage applied to the external circuit is 


* It may be noted that the term “ instantaneous value ’’ has two distinct 
meanings when considering the transductor. It can either be applied to the 
rapid changes of voltage, current, etc., which are recurring at the supply frequency 
or, alternatively, as in this case, to the slower changes which are occurring at 
the control signal frequency. These latter changes refer essentially to mean 
values integrated over one half-cycle. 
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related to the mean transductor current and to the mean core 
flux d, by the respective equations 


eee (8.21) 
Ea R, ee 
é 
— oo ee hO2 
Pe SfN , ( 2) 


In addition the mean control m.m.f. Ff, = %,N, may be supplied 
from only one winding or from several control windings linking 
the core, in either case if a voltage is applied to one of these 
windings we have (Appendix 8) 
ih av C 7 ddby 2N ai 

R. 8h at Ren 
Equations 8.20 to 8.23 can be combined as shown in Appendix 10 
to give the following general result in terms of the input and output 
voltages thus : 


c 


2 = GY ,(D) 
6. 
Be eee OD 
(1 + 7,D) + GLY (D)] 
where 3 ens 
Jy = a R, 
ji, eee 
v R N 


Y ,(D) is the load transfer function and 7, is the transductor 
flux lag which is equal to L,,,/R, if no damping is present due to 
other windings. 

Equation 8.24 gives the voltage amplification transfer function 
for a transductor with any degree of self-excitation and with any 
type of load. Usually the ultimate output is considered to be the 
current in the load, and this is obtained by considering the 


load current ; 
ratio thus : 


control voltage 


53, 6, 92, = Y ,(D) 
= ,— =G,Y,(D).—>-- 
oH, dH, 62, oF 2) Rar 
All these results define the transient and steady-state charac- 
teristics, the latter being obtained by inserting the condition 
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D = 0 in the expression for the transfer function. By putting 
the appropriate conditions into equation (8.24) or (8.25), the 
transient performance can be determined for certain special 
conditions as follows : 

(a) No Self-Hxcitation Resistive Load. In this case the follow- 
ing particular values are applicable : 


R, = R, 
YD) =1 
Nea 
RN 
t ji. = 
so that o> BW. 
Tee 
Also assuming that 7, = p 
we have from (8.24) 
20M oa 
Oy 7 R, 
yr am es eal wl ,. R. N, 
p TR, D+ oo R, 'R,N, 
2w 
Dividing by — wea Ne and remembering ve 
an kh, N, 
M oa i. Ng a Law 
Li ey — N, - M oa 
Obq (RN .)/(BN a) 
gives a ae | . 1/RAN), 
2X ay 4fLR, Ng 


Since X,,,5> #,, the term involving these quantities is negligible 
compared with unity, and if it is neglected we have 


(RB ne 


This represents the transfer function of an unself-excited trans- 
ductor. As found previously, the steady-state voltage gain is 


N 
RN, and the time-constant is given by 
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lis aN 
T= Las 


af R,” Ni 


circuit power gain). 


i 
af ( 

(b) Complete Self-Hacitation Resistive Load. In this case h, = 0 
which gives the immediate result from equation 8.24 that 


Oé, 20M ,, 1 : 
SB, ee ‘| _ + (cf. equation 8.7). 

(c) Complete Self-Hacitation Inductive Load. As before, h, = 0 
and therefore 


OER =o | z | 
bf, a R, ll+7,D) 
In order to determine the mean load current this is combined with 
the load current transfer function as in equation (8.25) thus 
Si, 2 sat 1 |e 
oH ) Raz 
and in this case 


rar [eal 


1 + 7,D 


om R, 


c 


1+7,D 
Th z 2wM,, 1 E, 
er ns ES 
oat Ray (L+7,D) (1 + 7,D) BR, 
i 
where Ty, z. 
and R= R,|1 + (28/7) rel, 
Ry, 


8.12 Underdamped Transients and Sustained Oscillations in Trans- 
ductors 

If the self-excitation of a transductor is incomplete and the load 
introduces a time lag between the mean output voltage from the 
transductor and the mean current in the a.c. windings, then the 
response may be underdamped, in which case the transductor 
exhibits increased sensitivity to certain control signal frequencies. 
This problem is first considered for an inductively loaded trans- 
ductor. 
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It has already been shown that for any system or element the 
transient characteristics are specified by the expression in the 
denominator of the transfer function, and if this expression can 
be written in the form 


kD? +k,D +1 
where kt < 4k, 


then the undamped natural wo = V 1/ba| f ti 
ef. equation 


ee 


and the damping ratio ¢ = 


WE 


If the load is assumed to have a time-constant 7, and the trans- 
ductor a time-constant 7,, then putting 


= 2 i ‘ ; 
Deeg WO) 2 ACD) = [| (for inductive load) 
we have by combining equations 8.24 and 8.25, dividing by g,h, 


] 
and ignoring a. compared with unity : 


h,R 
0, _ E,|( small oer ee (8 26) 
Tat, (3 ae? 
= ] 
Polte oe -. Joly |p . 
The steady-state condition is obtained by putting D = 0, giving 
N 1 


= ¢ 


"LN — N, (26/1) R 


It may be seen by inspection of equation 8.26 that the un- 
damped natural frequency and damping ratio of the transductor 
are respectively given by 


Wo = Vee 6 é . (8.27) 
ee 


and c= yf (te 74) (8.28) 
Yylty TTL 


If ¢,,is much less than unity, the transductor will be particularly 
sensitive to control signals varying at the damped natural fre- 


a equation 6.15a). 


quency which is approximately equal to a (Chapter 7). The 


response to transients will also ee a tendency to be 
oscillatory at this frequency. 
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When the damping ratio is very small then changes in the 
output will be governed by a prolonged oscillatory transient. 
The conditions for the production of transients are therefore most 
favourable when g,h, is large and (7, + 7,)*/7,7, is a minimum, 
ie. when 7, =7,. The term g,h, is large when there is no self- 
excitation and the ratio of reactance to resistance for the a.c. 
circuit is large (see p. 106). In practice, transients due to an 
inductive load rarely consist of more than one or two overshoots, 
and a typical example is shown by the oscillogram in Figure 8.13, 
which applies to an unself-excited transductor operating a rectifier 
fed inductive load. 


Figure 8.18. Oscillogram of transient response of unself-excited transductor 
with rectifier-fed inductive load. 


By the same methods, the overall response due to a smoothing 
capacitor may be considered. In this case it has been shown that 
the mean transductor current 7, may have a leading phase angle on 
the mean output voltage @,. This will be considered by using the 
results already obtained for the transfer impedances of a capacitive 
load and proceeding as for the inductive load. It may be seen 
physically, however, that the effect of a smoothing capacitor 
could lead to improved transient performance in a transductor 
which is not self-excited. 

Let us consider a control voltage suddenly applied to the control 
circuit ; during the following conducting period the supply voltage 
is ungated ; when the load is resistive the mean transductor 
current increases by asmallamount during each conducting period. 
When the load is capacitive, however, it has been shown (section 
8.9) that there is a tendency for the mean transductor current 
to be large during the early part of the transient, Figure 8.8c, 
so that although the mean output voltage @, is small in the 
first conducting period, the transductor current is greater than it 
would be if the load were purely resistive, due to the fact that the 


T.D.M.A. 229 


The Theory and Design of Magnetic Amplifiers 


capacitor at this stage is empty of charge and is therefore able to 
draw a large current. This effect occurs during each conducting 
period, but to a lesser extent as the capacitor charges up to the 
steady-state conditions of operation. At any time the mean 
control current is proportional to the mean transductor current 
due to the ampere-turn balance relations, therefore a smoothing 
capacitor increases the initial rate of build-up of mean control 
current. The ultimate value of the control current is fixed at the 
value H,/R,, however, and it must follow that the time taken to 
reach the steady-state is reduced since at all times the rate is 
increased although the final value is the same. ‘These last two 
conditions do not necessarily imply a satisfactory response, 
however, since they would be fulfilled by an oscillating transient 
which although rapidly reaching the steady-state value, oscillates 
about this value as discussed for the case of an inductive load. 
Improved response is generally obtained in systems of this nature, 
firstly by making the natural frequency as high as possible to 
ensure rapid build-up, and then by introducing sufficient damping 
independently to damp out the oscillations to the required extent. 
In servo systems this is achieved by phase advance or velocity 
feedback. Equations 8.27 and 8.28 show that for an inductive 
load it is theoretically possible to make the natural frequency 
large by increasing the gain; this, however, simultaneously 
reduces the damping to give a type of transient which is generally 
undesirable. | 

Equation 8.14 shows that when the load is capacitive the mean 
output voltage and mean transductor current are related by a 
transfer impedance of the form 


tg A F i aA 
é, Kk, ll +r,D\ 


| 


If this expression is applied to the general results (equations 8.24 
and 8.25) it may be shown that 


wy = [Iam 2. (8.29) 
Trt 
i i Se ee ee | 
ce | ae i/ Sf Get tn + Golust1) . .. (8.30) 
ory TT t 


In this case it can be seen that the natural frequency once 
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again depends on the gain. This time however the damping 
depends upon the additional time constant r},. 

Underdamped response with a capacitor in parallel with the 
load is often observed under practical conditions, and at 
first sight it might be thought that the above results explain 
this fully. It has been conclusively proved, however, that this 
effect also depends upon there being self-capacitance present in 
the load rectifier discs.%” By using low capacitance germanium 
rectifiers in place of selenium ones it is not easy to obtain an 
oscillatory transient with a simple shunt capacitance across the 
load although some improvement in response is noted for the 
reasons given above. By introducing a small capacitor in parallel 


Figure 8.14. Circuit of unself-excited transductor with capacitive smoothing of 
load current and rectifier capacitance C’, introduced. 


with the a.c. terminals of the rectifier a considerable change can 
be made to the transient response. There is little doubt that the 
system is still behaving along the lines just described, but an 
analytical approach to this problem is difficult. The improvement 
to the response is considerable, however, although the capacitance 
across the a.c. terminals of the rectifier may be small. A com- 
plete circuit is shown in Figure 8.14 for the case of an unself- 
excited transductor operating at 1,100 cycles per second. 
The oscillograms in figures 8.15a to e indicate typical response 
curves of load current following a suddenly applied voltage 
to the control circuit. Figure 8.15a represents the transient 
response of the mean load current with no smoothing capacitor 
and no rectifier capacitance ; the response is approximately 
exponential and governed by the transductor time-constant 7,. 
Oscillogram (b) shows that by using a smoothing capacitor a 
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distinct improvement is noted. In this case, for a load resistance 
of 1,100 ohms, the optimum smoothing capacitor is about 2uF. 
Figures 8.15c, d and e show the effects of adding rectifier 
capacitance C',. It is seen that a considerable modification is 
made by using a rectifier capacitance C,, equal to only about 0-5% 
of the smoothing capacitor while a very small further increase of 
C, produces self-maintained oscillations. 

One important point is that neither of these two capacitors are 
noticeably effective when used alone. A second point which is 
even more significant arises from the faet that although self- 
maintained oscillations are possible there is no deliberate feedback 
loop in the system, as may be seen from Figure 8.14. The implica- 
tion is that the feedback, which must be present to support the 
oscillations, is inherent in the coupling between the coils. This 
result was anticipated in Chapter 4 and is now confirmed by the 


Figure 8.16. General block diagram for transductor as a feedback system. 


transient behaviour. A possible representation of such a system 
for transients with an inductive load has been given by Storm,*” 
and a more general representation is given in Figure 8.16. It is 
interesting to compare the performance of a transductor with 
capacitor smoothing under the two extreme conditions of complete 
self-excitation and zero self-excitation. In the former case the 
steady-state amplification is increased as described in Chapter 6, 
while in the latter the steady-state performance is unaffected but 
the response time tends to be reduced. 


8.13. Summary 


It has been shown that the essential cause of the transductor 
time lag arises due to the fact that an energy interchange between 
the transductor and the signal source is inevitably associated 
with changes in the mean flux level. If there are no closed 
windings coupled to the control windings this time lag can be 
expressed in terms of the power amplification or of the voltage 
amplification. Thus 


228 


ia) GC, = 0. Ch =O. 6) Cy = 25k. Oc 0, 


(c) C, = QF. C, = -Ol1pF. (d) OC, = 2pF. Cy, = -014pF. 


(ec) C, = 2yF. OC, = -016pF. 


Figure 8.15. Oscillograms of transients taken for circuit of Figure 8.14 with various values 
of load capacitance and rectifier capaeitance. 
[ Faeing p. 228. 


Transient and Frequency Response of Transductors 


_ 1 _ power amplification 
nf  ampere-turns ratio 


] ; N 
or 7 =-, X voltage amplification x —. 
nf NV, 

The ratio of power amplification to time-constant can be improved 
by increasing the permeability of the core material which increases 
the ampere-turns ratio. In the limit, for complete self-excitation 
and an ideal core of infinite permeability, the ratio of power gain 
to time-constant tends to infinity ; typical values for this ratio in 
practice vary from about 5,000 at a supply frequency of 50 c.p.s. 
up to 10° at supply frequencies of the order of 1 Ke. 

The ratio of voltage amplification to time-constant is fixed by 
the supply frequency and the turns ratio, and it cannot be 
increased even by increasing the core permeability indefinitely. 

Taking the auto-excited transductor as the basic element, it 
has been shown that the flux time-constant 7, in this case is 
approximately equal to one-half that of the control circuit operat- 
ing as a simple d.c. inductance. The damping effect of the auto- 
exciting windings has been shown to increase the time-constant 
slightly over the value L,,,/R&,, particularly for decreasing signals. 

Additional time delays due to reactive loads have also been 
considered. When the load consists of series inductance or parallel 
capacitance the load time-constants are of the same form as those 
obtained for the simple equivalent d.c. circuits. The load time- 
constant has. been shown to react back on the transductor time- 
constant to give a response which may be underdamped when 
there is no self-excitation. In the most usual case of a fully self- 
excited or auto-excited transductor no such effect occurs, 
however, and the transient performance may be represented by 
two time lags in cascade. 

The transfer function treatment has been stressed throughout 
this chapter primarily in order to provide a direct link with servo 
design problems. 

The following approximate transfer functions have been 


established : 
(1) General expression for voltage transfer function for trans- 
ductor 
dé = g 
es eet 0 (Gb) ee 
jf, \ (1 =e 7D) a July [LY (D)] 
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where g, and h, have been defined for the steady-state operation, 
in Chapter 6, and Y,(D) is the frequency dependent part of the 
load transfer function. 


(2) General expression for load current of transductor 


ses Jy oe Y 4,(D) 


(l+7,D)+9h[¥(D)] Raz 


(3) Load transfer functions are defined in terms of 


He 


by 


( ) RP aan tal a 
and (b) — = 4,/€, 


Values of these are given in the Table on p. 230 for inductive 
and capacitive loading. 
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CHAPTER 9 


HIGH SPEED TRANSDUCTORS AND 
MAGNETIC AMPLIFIERS 


9.1 General Considerations 


HE existence of appreciable time delays tends to limit the 
OD a oiestion of transductors as amplifiers in high-speed servos. 
In many such cases, however, the transductor is ideally suited in 
other respects and for this reason every effort has been made to 
develop transductor circuits which have a high speed of response 
but at the same time retain sufficient gain to render the devices 
useful as power amplifiers. A few of the circuits and techniques 
which have been developed will be described briefly in this 
chapter. 

It has already been shown that in theory there is a basic 
relationship between power or voltage amplification and time- 
constant, and that by reducing the power amplification the 
response time can be made to approach a minimum value. In 
such cases adequate amplification can generally be regained by 
cascading two or more amplifiers. The overall amplifier response 
is then characterized by a number of short time-constants (one for 
each stage) instead of one long one. The cascading of short time- 
constants is often a more desirable arrangement, particularly 
when one large time-constant (e.g. a motor field) is already present 
in a servo loop. 

With orthodox circuits such as those described in Chapter 4, 
the minimum response time for one stage may correspond to 
perhaps three or four cycles of the supply frequency, due to the 
flux damping caused by the auto-exciting windings, and no 
matter how much power amplification is sacrificed, the time- 
constant cannot be reduced below this value. 

Broadly speaking, therefore, the high-speed circuits employ 
techniques which make it possible to sacrifice power amplification 
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in such a way as to produce the minimum possible time delay of 
one half-cycle of the supply frequency. 

It has already been shown that for the auto-excited transductor 
working with the optimum a.c. excitation, the output voltage is 
proportional to the mean flux level ¢, in the two cores (sec- 
tion 3.13), and that this latter is raised or lowered by varying the 
control voltage. If there were no resistive voltage drops in the 
control circuit the mean flux level in any half-cycle would depend 
upon the magnitude of the control voltage and the time for 
which it had been applied. In these circumstances the trans- 
ductor would behave as an integrator and the output would build 
up by equal increments in each half-cycle, following the applica- 
tion of a control voltage, until the transductor had become 
saturated throughout the gating half-cycle and the full output 
had been obtained. 

These conditions would apply either if the control circuit 
resistance were zero or if the core permeability were infinite. 
Neither of these possibilities can arise, however, and in practice 
the resistive voltage drop in the control circuit increases as the 
control current builds up. It follows that the voltage actually 
applied to the control windings diminishes progressively in every 
half-cycle so that although a constant voltage may be applied 
continuously to the input terminals of the control circuit only a 
finite voltage-time integral is applied to the cores. Thus the mean 
output voltage increases at a diminishing rate until eventually it 
tends to the final steady-state value. 

If, however, the output is considered at intervals immediately 
following the application of a control voltage, then over these 
early intervals the device will appear to be behaving as an inte- 
grator since the control current will not have had time to build 
up appreciably. ‘Thus the output will be given very nearly by 
the time integral of the control voltage and in any one half-cycle 
can be determined for a given control voltage without any 
knowledge of the control current, control circuit resistance, 
or core permeability, provided they all fall within reasonable 
limits. 

The various techniques employed to obtain a high speed of 
response achieve this by limiting the integration time of the 
control voltage to one half-cycle. It therefore follows that the 
steady-state mean output voltage of a high-speed transductor is 
comparable with the mean output voltage of a similar low-speed 
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transductor in the conducting period following the first half-cycle 
for which control is applied. The difference is that the latter 
continues to build up in subsequent half-cycles while the former is 
reset back to the same initial conditions at the end of every half- 
cycle. 

It was shown in Chapter 3 that the gradual build-up of the 
output current extending over several half-cycles arose because 
the initial conditions at the beginning of any half-cycle depended 
upon the mean output in the previous conducting period. This 
in turn was shown to be due to the fact that flux changes in the 
unsaturated core were dependent upon the duration of saturation 
of the adjacent core. 

By using only one core and arranging for this to be saturated 
at the end of every conducting half-cycle, the initial conditions at 
the beginning of every cycle would be the same, namely satura- 
tion. Thus, if a step voltage signal is applied at the beginning of 
one cycle, the next and subsequent cycles must be like that one 
since all start from the same initial conditions. Therefore the 
final mean output must be the same as the mean output of the 
first cycle. 


9.2 Setting and Sampling of Flux in a Transductor 


Referring back to Figure 3.3e, let us now consider the flux 
change occurring in one of the two cores throughout acycle. At 
time tg, the flux in core A starts at the saturation value and the 
negative applied voltage-time is such as to cause the flux to de- 
crease, eventually reaching the value ¢g5. This may be termed 
the setting period. The core is now able to absorb a positive 
voltage-time integral before it saturates again. This is done in 
the following half-cycle when the total voltage applied to the 
core is larger than that during the setting half-cycle so that 
saturation is reached in less than one half-cycle at a time {,,. 
This is the sampling period. 

Thus the complete cycle consists of three distinct operations : 
firstly the setting, when the core flux is set by the total applied 
negative voltage-time ; secondly, the sampling when the flux is 
returned to saturation by applying positive voltage-time ; and, 
thirdly, the conduction when the supply voltage is ungated and 
applied to the external circuit. ‘The duration of conduction 
depends upon the time taken to sample, which in turn depends 
upon the total flux set. 
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When using two cores, as discussed so far, the setting operation 
in one core coincides with sampling and conduction in the other 
and it has been shown how this modifies the setting process in the 
unsaturated core at time f,4, fy5 .. + ten, thereby leading to a 
growth of flux which takes place over several cycles. By using a 
single core, however, the setting of flux may be completely con- 
fined to one half-cycle while sampling and conduction occur in the 
following half-cycle. 

If only one core were used, as in a transformer, however, 
coupling would always exist between the a.c. and control windings 
(p. 19). This would result in the impedance of the latter always 
appearing across the a.c. windings, so disturbing the operation. 

By using rectifiers and appropriate core materials it is possible 
to overcome this effect, as will be shown in the following sections. 

It will be assumed that the hysteresis loop for the cores is such 
that the remanent flux is equal to the saturation flux as shown 
by the curve in Figure 3.1d. In this case the core flux will increase 
on applying positive voltage-time to the windings, saturation 
occurring for an mmf. F, and flux ®, On removal of the 
magnetizing field, however, the m.m-f. falls to zero but the flux 
remains at the saturation value and will not decrease until the 
m.m.f. has become slightly negative. 

Such a characteristic is obtained with square loop materials 
such as HCR or Deltamax. 

Thus, considering a coil wound on a square loop core, if the core 
is saturated due to an applied voltage, then on decreasing the 
voltage to zero the current also decreases to zero with the voltage. 
Such a core is incapable of energy storage and should be distin- 
guished from one in which the remanence is low, in which case a 
positive current would continue to flow after the voltage had 
changed sign. The importance of this point will become evident 
after we have considered the operation of the rectifiers in the 
high-speed circuits. 


HALF-WAVE TRANSDUCTORS 


9.3 Single Core Transductor with Half-Wave Rectified Excitation 


The circuit in Figure 9.la shows a single core half-wave 
transductor consisting of a single mutual inductor, one winding of 
which is connected to the a.c. supply through the load and a 
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half-wave rectifier, the other winding being connected to the 
control source. When the core is unsaturated and the rectifier 
conducting, the circuit may be represented by that shown in 
Figure 9.16 provided the turns on the two coils are equal. When 
the core is saturated the equivalent circuit is as in Figure 9.1c. 


a 
(G) (da) 


Figure 9.1. Transductor with half-wave rectified excitation. 


(a) Basic circuit. 

(b) Equivalent circuit when core is unsaturated and rectifier conducting (condition 
applies to Ng = N; = N). 

(c) Equivalent circuit when core is saturated. 

(@) Equivalent circuit when core is unsaturated and rectifier non-conducting. 


Referring to Figures 9.16 and c, if it is arranged that during 
positive half-cycles of the supply voltage the rectifier conducts 
and the core flux increases, then during negative half-cycles the 
supply is isolated from the coil, and flux changes which occur are 
due only to the control voltage (see Figure 9.1d). 

In order to investigate this circuit there are three conditions to 
consider : 

Case (a). Core Unsaturated, Rectifier Conducting (Figure 9.15). 
Since the reactance of the coil is large compared with the circuit 
resistances we have : 


tea me oe 


Lt wl 
aq tel R, R,+R, (9 ) 
and writing H,=R,i, +24 
. we LB 
gives = sh -lge3 RLP. pe 3 (9.2) 


This mode of operation applies to the ante period. 
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Case (b). Core Saturated, Rectifier Conducting (figure 9.1c). 


. . (9.3) 


(9.4) 
This applies to the conducting period. 


Case (c). Core Unsaturated, Rectifier Non-conducting (figure 9.1d). 
Once again the impedance of the coil is large compared with 
the resistance and hence 

dp 
E, cele or 7 % @. » (8) 
This applies to the setting period. 

Let us now consider this circuit on the basis of a square wave 
excitation voltage of peak value H, as used in section 3.4. 

In the absence of any control voltage the supply voltage is 
assumed to be sufficient to cause the flux to change from negative 
to positive saturation when applied for a time 7'/2. Therefore, 
when the supply voltage is switched on it causes saturation in the 
first positive half-cycle. During negative half-cycles the rectifier 
is cut off, therefore the core remains saturated the whole time, the 
flux returns to the remanent point at the end of every positive 


EK 
half-cycle, and a load current 1, = Rp flows throughout each 


positive half-cycle. This state of affairs applies so long as the 
control voltage is zero, and is shown over the period from 0 to 
T/2 in Figure 9.2. If a control voltage is applied at time 
7T'/2 say, then during the negative half-cycle of supply voltage a 
flux is set. The flux decreases linearly with time at a rate L,/N 
(equation 9.5 and Figure 9.2c) until the end of the half-cycle, at 
which point the total flux set is ¢g,, having departed from positive 


W , = This corresponds to the end of 
the first setting period. The flux change over this period is pro- 
portional to the negative shaded area (Figure 9.2a), which corre- 
sponds to the induced voltage e, in the coil during the setting 
period. The unshaded area in figure 9.2a over this period is 
numerically equal to |Z, — |e,| which is the reverse voltage on 
the rectifier. During the following positive half-cycle the flux 
reverses and once again proceeds towards saturation at a rate 
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Figure 9.2. Waveforms of voltage, flux and current for a transductor with half- 
wave rectified excitation and an idealized core. 


(a) Supply voltage. (6) Control voltage. (c) Flux changes. (d) Load current. 
(e) Control current. 


given by equation 9.2. During this sampling period, coupling 
occurs between the control circuit and load circuit and currents 
flow in these circuits according to equation 9.1 and Figures 9.2d 
and e. When the core saturates at t,>, the values of load current 
and control current are then determined solely by the respective 
circuit resistances (equations 9.3 and 9.4). 

Thus, the rate of flux setting is proportional to the signal 
voltage ; this determines the total flux set ¢9, which in turn fixes 
the time of saturation in the sampling period and therefore the 
duration of conduction. Therefore, by varying the signal voltage 
applied to the core, the mean load current flowing in the a.c. 
circuit is subjected to a corresponding variation. 

It is immediately evident that this arrangement settles down to 
a steady-state much more quickly than the double cored trans- 
ductor. This is because the initial flux at the beginning of every 
setting period is always at the saturation value ®,, and therefore 
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the duration of any conducting period is independent of previous 
conducting periods and dependent only upon the control voltage. 

In the particular example given, the full response is obtained in 
the second half-cycle after the control voltage is applied. 

Although the excitation circuit 1s isolated during the setting 
process, coupling occurs during sampling which causes a control 
current to flow. In the present ideal case this control current 
represents the only drain on the control source and in theory it 
may be made as small as we please by making the control circuit 
resistance sufficiently large. This will not affect the value of the 
load current during conduction which is independent of the control 
circuit since the core is saturated. 

When the control circuit resistance is increased indefinitely, 
however, we are no longer justified in assuming ideal core charac- 
teristics, and at this stage it is important to realize that a finite 
control current is necessary to set the flux. This being the case, 
it is not possible to increase R, above the limit imposed by this 
restriction. Otherwise the actual setting voltage at the coil 
terminals would be reduced to a small value and the sensitivity 
correspondingly reduced, due to the comparatively large amount of 
power drawn from the control source and dissipated in the control 
circuit resistance. Even more significant than the magnetizing 
current, however, are the losses due to eddy currents, which may be 
represented by the resistance shown dotted in Figures 9.16 and d. 
These losses also draw current which causes a fall in potential 
along #, and therefore reduced sensitivity to a control voltage. 

The essential function of the control voltage, namely setting 
the flux, is only performed during negative half-cycles of the 
supply voltage. It therefore follows that control could be effected 
by means of an alternating voltage synchronized with the supply 
and in phase with it. This is a convenient way of using this type 
of transductor when the signal source gives an a.c. output since it 
avoids rectification. Such outputs are obtained from magslips, 
synchros, a.c. transducers, etc. | 

The core characteristics and iron losses limit the power amplifi- 
cation of this circuit to 30-50. A balanced version ° ” of the circuit 
having more practical application is described in section 10.21. 


9.4 The Ramey Circuit 9 


It was seen in the previous section that the control voltage 
performs no useful function during the sampling and conducting 
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periods. Furthermore, in the ideal case, no control current is 
required during the setting periods (since the constant component 
corresponding to the width of the hysteresis loop may be supplied 
from a constant current bias supply). During sampling and 
conduction, however, even in the ideal case ran induced current 


oe ) a 


Figure 9.3. Half-wave transductors in which sampling and setting processes are 
completely isolated. 


(a) Equivalent of Ramey circuit using mechanical chopper. 

(6) Ramey circuit for half-wave operation (positive half-cycles). 
(c) Ramey circuit for half-wave operation (negative half-cycles). 
(d) Circuit showing use of voltage bias. 

(e) Ramey circuit with unequal turns ratio. 


flows in the control circuit and this was reduced by connecting 
a high resistance in series with the control source. Under ideal 
conditions this resistance does not dissipate power during the 
setting period since no magnetizing current is required. 

In practice, of course, this is not the case and therefore on these 
grounds a low control circuit resistance is desirable to ensure that 
the whole control voltage is applied directly to the windings to 
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give the maximum possible power amplification. An ingenious 
arrangement which allows this without causing large induced 
control currents during the sampling period has been described by 
Ramey. 

This is achieved in principle by isolating the supply voltage 
during setting periods as previously, but in addition isolating the 
control voltage during sampling and conduction. A simple circuit 
used by the author for investigations on the Ramey amplifier will 
now be considered. 

Referring to Figure 9.3a, the control voltage #, and the supply 
voltage H, are both supplied from d.c. sources and are each in 
series with resistors Rk, and #,, representing the load and control 
circuit resistances respectively. ‘The circuits are alternately 
connected in series with the coil by a continuously vibrating 
relay, which closes the load circuit when contact (1) is made and 
the control circuit when contact (2) is made. It is assumed that 
the changeover time is comparatively small, and that both 
contacts are made for equal periods. When the relay is at position 
(1) the supply voltage is applied to the load circuit and the core 
flux increases to the saturation value, after which the load current 
suddenly increases being limited only by the load resistance. 
When the contact is broken the load current drops to zero and the 
core remains at positive saturation. Immediately afterwards 
contact (2) is made and the flux decreases at a rate #,/N during the 


E,T 
setting period. The total flux change is WO’ where 7’ is the 


period of the relay, and therefore the amount of voltage-time 
stored in the core from the saturation datum is determined solely 
by the control voltage #, since 7’ is constant. At the end of the 
setting period, the contact (2) is broken and (1) is‘made. During 
the transit time of the relay the flux remains at the level set by 
the control voltage after which the core now absorbs positive 
voltage-time during the sampling period and eventually saturates 
once more. The rate of flux increase during sampling is #,,/N and 
this is constant, therefore the time taken to sample depends only 
upon the value to which the flux is set. No current is ever drawn 
from the control source excepting that required to magnetize the 
core and, in the ideal case of a B—-H curve having vertical sides the 
control current will be constant, the current gain infinite and 
hence the power gain infinite. Furthermore, the response time is 
equivalent to one half-cycle and the mean value of the load 
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current is proportional to the control voltage. The usual form of 
curve obtained when the control voltage is plotted against the 
mean load current is shown in Figure 9.4a. When the control 
voltage is zero, the flux is never set from the saturation value and 
therefore the mean load current is at its maximum value. The 
current decreases as the control voltage is increased, and since in 
this case the turns ratio is unity the load current is zero when the 
control voltage has the same magnitude as the supply voltage. 
In the more practical form of the circuit, the switching action 


Figure 9.4. Control characteristics of half-wave transductors (a) using mechanical 
chopper ; (6) half-wave Ramey circuit. 


is obtained by using a combination of rectifier elements and an 
alternating voltage (igure 9.3b). Once again the square wave- 
form will be considered for descriptive simplicity. 

A square wave voltage of peak value H, is supplied continuously 
to the coil as shown in /igure 9.3b, where the polarity of the 
supply is shown for a positive half-cycle of voltage. In these 
circumstances a current flows through the resistance R&R, and 
rectifier (1). During this period, assuming a square loop core 
characteristic, rectifier (2) will be cut off and the left-hand circuit 
therefore open. The applied voltage will cause the core flux to 
increase to positive saturation after which the current 7, will 
increase, being limited only by the load and circuit resistance R,,. 
At the end of the positive half-cycle the voltage suddenly drops 
to zero and, since the core is incapable of energy storage, the 
current simultaneously becomes zero. During the negative half- 
cycle Figure 9.38c is applicable, rectifier (1) is cut off and, 
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provided | #,| > H,, rectifier (2) conducts. The load circuit is 
now open and the voltage applied to the coil is negative and has 
a magnitude | #,|— H,. This causes the flux to decrease at a 
constant rate until the end of the negative half-cycle. 

The alternating voltage H, should be given such a value that, 
for H, =0, the core flux varies exactly between positive and 
negative saturation, the former occurring by conduction through 
the load circuit and the latter by conduction through the control 
circuit. This state of affairs is shown by the waveforms in 
Figure 9.5 up to a time 7/2. At this instant it is assumed that a 
constant control voltage is switched on. During flux setting 
periods (negative half-cycles) the control voltage reduces the total 
negative voltage-time applied to the core, as shown by the shaded 
area in Figure 9.5c, and therefore by the end of the setting process 
the flux falls short of negative saturation at ¢, by an amount 


ats (Figure 9.5e). It follows that on the next positive half- 


cycle, saturation must occur before the end of the half-period at 
t, (figure 9.5¢c and e) where £, will be fixed by the fact that the 
positive and negative flux changes must be equal. Control of 
this circuit is therefore effected by varying the control voltage H- 
and complete isolation is achieved during the setting and sampling 
processes. It should be noted that no induced currents can flow 
in the control circuit and hence the current in the control circuit 
is that required to magnetize the core and supply losses during 
the setting period. It should also be noted that the control 
voltage does not set the core flux positively, but rather prevents 
the alternating voltage H, from setting to the full extent. For this 
reason, if a magnetizing current flows in the control circuit during 
setting, its direction is opposed to the control voltage. 

Jt thus appears that power is absorbed by the control voltage 
source and the input power therefore negative. ‘These considera- 
tions, however, are not significant, for if one considers an arrange- 
ment whereby the control voltage H, is maintained at a constant 
value being considered part of the supply and the actual control is 
effected by a second steady voltage #,, as in Figure 9.3d, the 
control current then flows in the same direction as the control 
voltage K’.. 

The circuit in Figure 9.3b or c has a control characteristic 
of the form shown in Figure 9.46, while the alternative arrange- 
ment with an extra control voltage H/ has the same characteristic 
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Figure 9.5. Voltage current and flux waveforms for half-wave Ramey circuit 
using square-wave excitation. 


(a) Voltage applied to controlfcircuit Hy + He. 
(6) Voltage applied to load circuit Hg. 

(c) Coil voltage e;. 

(d) Load voltage Raty « load current 

(e) Core flux ®, 


as that obtained using the mechanical vibrator (igure 9.4a). The 
important feature about this arrangement is the way in which the 
rectifiers cut off at the appropriate times to enable the sampling 
and setting processes to be isolated. This is dependent upon the 
fact that, due to the rectangular hysteresis loop of the core 
material, no current is maintained at the end of a half-cycle. It is 
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also dependent upon the existence of reverse voltages e,, and é,» 
of sufficient magnitude appearing across the rectifiers at the 
appropriate times. These reverse voltages will now be considered. 

On positive half-cycles (Figure 9.3b) we have for the load circuit : 

i, ee ae Riva 

and for the control circuit : 

Hit, — & = ere 

(2, assumed negligible) 

Thus 

rpg = HL + Ry, 2 & 9! (926) 
On negative half-cycles (Figure 9.3c) for the control circuit : 

HE, ae E, eae eg Se Rit, 
and for the load circuit : 

Ha — @ = Cry 
(tq assumed negligible) 
Thus 
Cry = He — Reve ° . . (9.7) 

Since the currents flowing are very small during unsaturated 
periods, the reverse voltage is substantially equal to the control 
voltage (equations 9.6 and 9.7). During saturated periods the 
control rectifier experiences a reverse voltage equal to the control 
voltage plus the load voltage (equation 9.6). 

This brings out the important point that the control voltage 
must be unidirectional. If, for example, the control voltage were 
alternating and anti-phased to the supply, Figure 9.3c would 
still be applicable to setting half-cycles and the load rectifier 
would be cut off according to equation 9.7. During sampling 
periods (Figure 9.3b), however, the control voltage would change 
sign and therefore the reverse voltage on rectifier (2) would be 
negative (equation 9.6); this rectifier would therefore conduct. 
Thus the control rectifier would conduct during setting and 
sampling and the circuit would be equivalent to the one using 
half-wave rectified excitation (section 9.3) with its inherent 
disadvantages. 

Apart from this requirement no other restrictions are placed 
on the control voltage. To obtain linearity, however, the latter 
must be of the same form as the supply voltage would be if 
rectified. Thus if the alternating voltages are sinusoidal the con- 
trol voltage should be a rectified sine wave, while if the alternating 
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Figure 9.6. Voltage current and flux waveforms for half-wave Ramey circuit 
using sinusoidal excitation. 


(a) Voltage applied to control circuit. (6) Voltage applied to load circuit. 
(c) Coil voltage. (d) Load voltage. (e) and (f) Rectifier voltages. (g) Core flux. 
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voltages are square waves, the control voltage should be a steady 
direct voltage. Otherwise, although the circuit operates, it will 
tend to be non-linear. 

Figure 9.6 shows the waveforms applicable to the case where 
the alternating voltages are sinusoidal, the magnetizing currents 
are neglected and the control is effected by a steady direct voltage 
applied at time 7/2. In Fugures 9.6a and c, it is seen that flux 
setting occurs over the period t, to é,. In Figure 9.6c the total 
flux set is proportional to the shaded area over this interval, 
which is not directly proportional to the control voltage (see 
Figure 9.6a). The flux sampled is equal and opposite to the flux 
set, and is given by the shaded area between 7' and #,. 


9.5 Voltage Amplification 

These circuits have all been considered on the basis of a single 
coil replacing a mutual inductance. This has implied equal turns 
on the control and a.c. coils. 

In the general case, where the control turns NV, and a.c. turns 
N, are unequal, it is necessary to apply two alternating voltages 
E, and H, as shown in Figure 9.3e. Thus referring to Figure 
9.5a, c and e it is seen that the total decrease of flux during setting 
from 7/2 to T is equal to 


3 fea} [isa 


“Ty2 * T/2 


The total increase of flux during sampling from 7 to t, 
87/2 


= frame [8 oe | fat, 


(This follows from Figures 9.56, ¢ and d.) 
Since the total flux sampled must be equal to the total flux set. 


the above two equations may be combined and putting F, = pe E, 
87/2 . 


J 
gives rp ie = wid li | dt hr ae ee COES) 
1/2 


The left-hand side of equation 9.8 may be integrated directly. 
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When considering the load current, however, it must be remem- 
bered that this only flows every other half-cycle and the right-hand 
integral is therefore the mean load current multiplied by the total 
period 7’, thus : 


ke T ky 
— = ye on “COS 
Ne. 2 Ne a 
7 : LH, 
giving Oe ea 3 N, i @ @ (9:10) 


Thus two facts emerge from this: firstly the alternating voltage 
HE, in the control circuit must be adjusted to the value #,N,/N, ; 
the two supply voltages thus correspond to equal and opposite 
flux changes. Secondly, under the above conditions the voltage 
amplification is equal to one-half the turns ratio, i.e. N,/2N,. 

The power amplification of the half-wave circuits is limited by 
the losses in the core, the current required to magnetize the core 
and the ability of the rectifiers to block at the appropriate times. 

It is usually considerably less than that obtainable with the 
slow-response transductors and is of the order of 100 with existing 
core materials. 


9.6 Response Time 

Although the time taken to achieve full response is normally 
quoted as one cycle, it should be noted that the control voltage 
will not usually be applied exactly at the beginning of a setting 
period. Full response will in fact be obtained in the first conduct- 
ing period after the control voltage has been applied for a whole 
setting period. Thus if the control voltage is applied in the first 
half-cycle just after the commencement of a setting period, then 
the full output will appear in the fourth half-cycle. In this 
respect the response is random within two cycles, depending upon 
the time when the input signal changes. 


FuLL-Wave HicH-SPEED T'RANSDUCTORS 

Up to the present, the high-speed circuits considered have been 
characterized by a half-wave mode of operation whereby the load 
circuit was ungated only once every cycle, thereby leading to an 
output having a very poor form factor, a response time which 
could be as high as two cycles and a maximum possible voltage 
gain equal to one-half the turns ratio. Full-wave circuits will now 
be described which enable a considerable all-round improvement 
to be realized. 
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Hitherto the change of control current required to produce a 
given flux change has been neglected in the high-speed circuits 
by assuming that the hysteresis loop has sides of infinite slope.. 
It will now be assumed that they have a certain finite slope leading 
to a linear relationship between flux and control current over the 
operating range (igure 9.7c). 


9.7 The Full-Wave Ramey Circuit 9 


The diagram in Figure 9.7a shows the circuit of a full-wave 
transductor having half-cycle response in which the switching 
action is achieved by using two synchronized relays driven from 
some independent alternating supply. It will be assumed that 
the B-H curve for the core materials is of the form shown in 


(e) ——» Time - | 


Figure 9.7. Full-wave high-speed circuit using relay switching. 
(a) Circuit arrangement. (6) Core fluxes ®, and My. (c) Hysteresis loop for 
cores. (d) Load current %. (e) Control current %. 
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Figure 9.7c. As before, this type of magnetization loop is charac- 
terized by a remanent flux which is equal to the saturation flux 
and a saturation which is sharply defined. This implies that the 
core flux is able to remain at any value up to saturation in the 
absence of an m.m.f. The effect of departures from these condi- 
tions will be mentioned later. 

In the present circuit, the control voltage is #, and the supply 
voltage Ha (Figure 9.7a), both of which are unidirectional and 
smooth. The two relay armatures are continuously vibrating and 
are synchronized so that, for example, both contacts (2) are 
broken simultaneously after which both contacts (1) are made 
simultaneously, the time of dwell on contacts (1) being equal to 
the time of dwell on contacts (2). Consider the case of both cores 
initially at positive saturation denoted by the point (a) on the 
B-H curve in Figure 9.7c, the relay armatures first move to the 
contacts (1). The control voltage #, is applied to the control 
winding on core A and the supply voltage H, is applied to the load 
winding on core B. The control current instantaneously assumes 
the value corresponding to the point (b) on Figures 9.7c and e 
and thereafter increases linearly with time in the negative 
direction as the flux decreases at a rate nearly equal to H,/N, 
(Figure 9.7b). Meanwhile the supply voltage acts in such direction 
as would cause an increasing flux in core B; since this core is 
already saturated, however, no flux change can occur and the 
whole voltage is applied to the external circuit resistance R, 
throughout the first half-cycle. The relay armatures remain at 
the contacts (1) for one-half period of the relay by which time the 
flux in core A has been set to the value ¢g point (c). When the 
contacts (1) are broken, the load current decreases instantaneously 
to zero and core B remains saturated. The control current also 
decreases instantaneously to zero (point (d)), the flux remaining 
at the set value ¢9. Contact (2) is made immediately after contact 
(1) is broken and the supply voltage is applied to the load winding 
on core A. The load current instantaneously increases to the 
small value corresponding to point (e) after which the flux 
increases at a rate approximately equal to #,/N, during the 
sampling period until point (f) is reached. At this stage core A 
saturates and the supply voltage is ungated and transferred to the 
load (g). The duration of the conducting period depends upon 
the time taken to sample, which in turn depends upon the total 
flux set in the previous half-cycle. Furthermore, since for a given 
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control voltage the flux is always set at a constant rate from the 
saturation value, the final set value is independent of events 
occurring in previous half-cycles and therefore full response is 
attained in the first conducting period after the control voltage 
has been applied for a full half-cycle. The operation is almost 
identical with that described for the half-wave circuit and the 
sequence of events can be followed from Figure 9.7. 

The more practical form taken by this circuit achieves the 
switching action by using rectifiers and alternating voltages. The 
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Pa 9.8. The Full-Wave Ramey circuit. 
(a) Complete cireuit. 

(6) Equivalent circuit (positive half-cycles). 
(c) Equivalent circuit (negative half-cycles). 


arrangement is shown in Figure 9.8a, and it is seen that the load 
circuit is identical to that of a bridge-connected auto-excited 
transductor (Figure 5.1c). Thus the alternating supply voltage 
His applied across the points HF and the total circuit resistance 
is lumped in &, which is shown connected across the terminals 
JK. The control circuit now takes the same form as the load 
circuit, having an alternating voltage EH, applied across H@ and 
the control voltage H, across CD. The directions of the arrows 
GH and EF represent a positive half-cycle of the voltages LH, and 
E,, which are in phase and may be obtained from isolated windings 
on the same supply transformer. 

The voltages H, and H#,, should be adjusted to such a value that 
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each one produces the maximum flux change of 20, when applied 
to its appropriate coil for one half-cycle. It therefore follows as 
before that H,/N, = E,/Nq- 

If the control voltage #, is equal to zero then, provided the 
rectifiers are ideal and the hysteresis loop for the cores is charac- 
terized by 100% remanence, the core fluxes will be decreased 
from + ®, down to — ®, due to the voltage H, and restored to 
positive saturation by the voltage Ha. 

When the voltages H,, and #, are positive the rectifiers 1, 3, 5 
and 7 are conducting, therefore the circuit may be simplified to 
that shown in Figure 9.8). Similarly, when the alternating 
voltages become negative the rectifiers 2, 4, 6 and 8 are conducting 
so that Figure 9.8c¢ applies. 

In both cases it is seen that currents flowing through the load 
and the control source are unidirectional. When a control voltage 
is applied to the transductor it always acts in such a direction as 
to reduce the magnitude of the total voltage applied to the control 
coils for setting the flux. The magnitude of this voltage is 
| #, | — #, and, provided | #,| > #,, its direction is such as to 
cause a decreasing flux. Thus it is seen that the rectifiers switch 
the circuit as though the coils were resistive (p. 235), thereby 
leading to the ideal mode of operation where a core is only asso- 
ciated with one circuit at a time. This purely resistive action is a 
direct result of using square loop cores since no flux change occurs 
when the magnitude of the m.m.f. decreases to zero either from 
positive saturation or from the negative set flux dg (see section 9.9). 

As in the half-wave cases the operation is similar when using 
sine waves instead of square waves, and the operation tends to be 
non-linear if a sine wave of supply is used with a steady direct 
control voltage. | 


9.8 Power Amplification 


The amplification of the full-wave circuit may easily be calcu- 
lated for the case where the core hysteresis loop has a finite slope 
in the unsaturated region. It will be assumed that this slope 
corresponds to inductances L,,, and L,, for each control winding 
and a.c. winding respectively. 

When considering the gain of the high-speed circuits it must 
be remembered that the control voltage is not being applied 
continuously but is being switched from one core to the other, 
commencing with the same initial conditions each time. There- 
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fore the mean control current is never able to build up to the value 
E,,/&, but is determined largely by the effective inductance and 
iron losses associated with the control circuit. 

If we consider the transductor circuit in Figure 9.7, the mean 
current amplification can be determined on the basis of zero iron 
losses. Referring to the waveforms in Figure 9.7e, the control 
current contains a constant component ab and a variable one. If 
the control voltage is increased the rate of increase of the variable 
component during the setting half-cycle becomes greater with 
the result that the mean value of the control current considered 
over one-half period increases. The constant component can be 
supplied from a d.c. bias supply of high impedance and therefore 
when considering the current amplification we are interested only 
in the mean value of the variable component corresponding to 
the shaded area in Figure 9.7e. The change of control current 
over one half-cycle, associated with the flux change from satura- 
tion down to the minimum value dg, is equal to = : . where 
Liew applies to one control coil. Therefore the mean value of the 
variable component of control current over one half-cycle corre- 
sponding to the shaded area is given by 


ny oe 

“0 = oT. 2 

Also the voltage amplification is obtained by the same method as 

for the half-wave circuit except that the factor of one-half dis- 
appears due to the full-wave operation thus : 


ee we X91) 


1, N 

Sy eS a tae oe AO 

oO Re (9.12) 
Combining this with equation 9.11 and putting 7'/2 = 1/(2f) 


gives a current gain equal to g: 
20M... 
oo R, 

Thus if the effect of losses is neglected the expression for the 
current amplification is the same as that obtained for the fully 
self-excited transductor (Chapter 4). This of course does not 
imply that the mean power amplification is the same since in the 
high-speed transductors the control voltage levels are considerably 
greater. 

It has already been shown that the voltage amplification is 
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given by the turns ratio NV ,/N, (equation 9.12), and this result 
may be combined with the current amplification to give the mean 
power amplification thus : 


wR, 
"9 Ba, 
i 
4, &, 
ages . ° . (9.14) 
2 wb 
p= st: 1m (ORED 
Therefore Gs oR: (9.15) 


The last two expressions will be recognized as giving the 
ampere-turns ratio, and it is interesting to note that in equation 8.4 
this is equal to the power amplification of the low-speed trans- 
ductor when the time constant is one half-cycle. 

In the auto-excited transductors the control voltage is equal 
to 7,.R, which can be made small by reducing A, to a minimum. 
In the present circuits, however, the control current is virtually 
being switched on every half-cycle from the same initial conditions 
each time and therefore its mean value is limited by the inductance 
(equation 9.11). 

The control voltage necessary to maintain a given mean control 
current must therefore overcome the induced e.m.f. due to the 
flux changes as well as the resistance. The effect of the latter is 
generally small compared with the inductive effect and thus the 
control voltages associated with the high-speed transductor are 
considerably greater than those required for low-speed operation. 

In view of this it is not strictly true to refer to the power 
amplification since the greater part of the control circuit impedance 
is now reactive and therefore the power amplification G, is better 
defined as the ratio of the mean output volt-amperes to the mean 
control volt-amperes. | 

In practice iron losses may account for an appreciable increase 
of control current and these, coupled with the non-linearities in 
the unsaturated region of the hysteresis loop, often make it diffi- 
cult to predict the exact magnitude of the control current under 
any given set of conditions. 

In practice other effects also arise which cause the transductor 
characteristics to depart appreciably from the ideal case ; such 
effects will now be considered. | 
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9.9 Remanent Flux Less than 100% 


Hitherto it has been assumed that at the end of a conducting 
period the current in the load windings decreases to zero with the 
core still saturated, and in order to produce a decrease of flux it is 
first necessary to apply a negative magnetizing force of magnitude 
F 4, (Figure 9.9a). Similarly, when the flux level is at c, the m.m.f. 
must be increased by an amount F’,, to the positive value corre- 
sponding to #,, before the flux will increase. This pronounced 
hysteresis effect makes the core incapable of energy storage since 
energy is necessary to make the flux increase or decrease, whereas 


(6) 


Figure 9.9. (a) Hesteresis loops showing effect of incomplete remanence. 
(b) Curve without hysteresis. 


the alternative characteristic shown in Figure 9.9b exhibits no 
hysteresis and all the energy required to increase the flux is 
recovered when the flux returns to its original value. 

There are three main core requirements for the type of trans- 
ductor so far discussed in this chapter. Firstly 100% remanence, 
secondly minimum eddy current losses and thirdly high slope in 
the unsaturated regions. Unfortunately, in practice, the materials 
which best fulfil the two latter requirements do not exhibit 100% 
remanence. In such cases the remanent flux is appreciably less 
than the saturation flux so that the flux decreases to some point a’, 
Figure 9.9a, as the current tends to zero. Furthermore, this flux 
change produces an e.m.f. which tends to maintain the current in 
the load circuit after the supply voltage has changed sign. The 
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drooping flux characteristic combined with a slightly lagging 
current tends to reduce the voltage and power amplification. The 
effect of the lagging load current gives rise to a short overlap 
interval during which the load circuit rectifiers have not cut off 
when the corresponding control circuit rectifiers become conduct- 
ing. ‘Therefore, over this interval normal transformer coupling 
occurs between the control circuit and the load circuit, during 
which induced currents could flow in the control circuit and 
thereby reduce the effective power amplification. 

A more serious effect, however, is the premature setting of the 
core flux to the value a’ (Figure 9.9a). 

This reduces the voltage amplification for large outputs but has 
less effect on lower parts of the voltage control characteristic. 
For the case of 100% remanent cores, if the control voltage £, 
were equal to #7, then during a setting half-cycle the flux would 
remain at positive saturation. Therefore the supply voltage £, 
would be available to drive current through the load throughout 
the following half-cycle and 
the mean load current would 
have its maximum possible 
value #,/R,. 

If, however, the cores are 
not 100% remanent then, 
although still no setting 
occurs due to the control volt- 
ages, premature reset to the 
point a’ reduces the duration 
ee of the following conducting 

> E, period which cannot start 
Figure 9.10. Curves showing effect of in- until the flux has been 
complete saturation on voltage control restored to saturation. ‘The 


iain effect of premature reset 
(a) Control characteristic with cores having eae : 
100% remanence. arising out of incomplete 


(6) Control characteristic with coreshaving yemanence is therefore to 
a remanent flux appreciably less than : . 
the saturation flux. reduce the Maximum output 

which could ideally be ob- 
tained. This is shown in Figure 9.10 where curve (a) shows the 
voltage control characteristic obtained using a core material for 
which the remanence is 100°%, while (6) shows the effect of using 

a core material having a remanent flux appreciably below the 


saturation value. 


256 


High Speed Transductors and Magnetic Amplifiers 


9.10 Effect of Rectifier Leakage 9 


Rectifier leakage in the reverse direction has been shown to 
have an important bearing on the control characteristics of the 
high-speed circuits. It also places a lower permissible limit on 
the width of the core hysteresis loop, i.e. the coercive force. 

In general, the poorer materials, e.g. those having a compara- 
tively large coercive force, have better resetting characteristics 
when the rectifier leakage is pete 

‘ : 600 pes 
appreciable.” Since the con- 
trol current increases with | 


Sa) 
S 
S 
| 
. 
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the width of the hysteresis on aa ane 
loop, however, thereisadrain ‘T or ee 
of energy from the control : | 
SY 43 400 —h ——— 
source which playsno partin § j 
the actual setting of the flux. S 
Thus, in order to obtain the & 300 
best amplification character- IS 
Pater ; AS 
istics by employing narrow- —_« 200 
loop materials, the rectifiers §$ 
must have a reverse leakage = | 
700 ae ee 
current less than that corres- 
ponding to the m.m.f. Fy. 
The effect of rectifier leakage 0 0 10.2030 40 86 Ga 
is shown by the curves in &, controt volts, mean 
Figure 9.1la and 6; both Figure 9.11. Control characteristic show- 
these curves apply to the ing effect of rectifier leakage. (After 
: ; Johnson.) 
same core material, but in (2) Using a rectifier in which the leakage 
curve (a) the rectifier leakage current was less than that necessary 


; ee ‘ to produce a flux decrease. 
is negligible whereas in (6) (b) Using a rectifier where the leakage is 


the leakage is sufficient to sufficient to cause flux reset by the 
i : supply voltage. 

cause spurious reset, leading 

in particular to a reduction of the maximum possible output and 

a loss of linearity for large outputs. 


9.11 Fast Response by Voltage Feedback 

It is to be expected that negative voltage feedback applied to 
an auto-excited transductor has the effect of increasing the speed 
of response of the amplifier while at the same time reducing and 
linearizing the voltage amplification. The full implication of this 
and its bearing on the fast-response circuits was first appreciated 
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by Scorgie,“” who showed that the earlier circuits developed 
by Ramey represent a special case of a more general arrange- 
ment. 

It has been shown in earlier chapters that the voltage amplifi- 
cation of an auto-excited transductor can be expressed in the 
general form 


1 +7,D 
where C= poe 
oe 
and Pee hs. 


If a portion H, of the output voltage is fed back and injected 
into the control circuit in series with the control voltage then the 
overall voltage amplification becomes 


Lag 
If H, is made equal to NV ,/N,, then by substituting for g/ and 7, 
it is easy to show that, provided g}H, is large compared with 
unity, the voltage amplification is equal to V,/N, and the time- 


] + Gi, eae ( Tt 7)D 


1 
tant L to 
constant equa af 


These results, however, cannot be considered to illustrate more 
than the general effects of voltage feedback since the time-constant 
has a special meaning which can no longer apply when dealing 
with durations as short as a half-cycle of the supply frequency. 
A better understanding of the circuit is obtained if we consider 
the actual sequence of events following the application of a control 
voltage to a transductor with voltage feedback. 

The circuit in Figure 9.12 shows an auto-excited transductor 
using the bridge connection in which a fraction of the output 
voltage e, is fed back to provide an additional source of control e 
In series opposition to the actual control voltage F,. 

If this circuit is biased off to give zero output for zero input and, 
furthermore, if under these conditions the a.c. fluxes are varying 
from positive to negative saturation, the operation may be con- 
sidered in three stages. Firstly a control voltage is applied to the 
control circuit ata time? = 0. After a given time t, this produces 
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a mean flux proportional to the magnitude of the total voltage- 
time integral applied to the windings from the instant ¢ = 0. 
Secondly, this flux gives an output voltage e,, the mean value 
of which is proportional to the mean flux level. Thirdly, a 
fraction of the output voltage is fed back to oppose the control 
voltage. 

If the mean value of the voltage fed back is equal to the control 
voltage the former will oppose the control voltage as soon as the 
output appears. Therefore the total voltage-time applied to the 
control circuit will be the difference between that due to the con- 
trol voltage and that due to the voltage fed back. 

Now since the control voltage is applied at ¢ = 0, the output 
voltage will not appear until one half-cycle later and thus in all 


7 <¢ 


Figure 9.12. Auto-excited transductor with voltage feedback. 


half-cycles after the first the applied voltage time must be zero 
no matter how long a time interval is considered, since the mean 
voltage fed back is equal to the control voltage. Therefore the 
control voltage is only acting unopposed for the first half-cycle 
during which time the applied voltage time is equal to H. (T'/2). 
It follows that the mean flux can only increase during the first 
half-cycle and the final output will therefore be established after 
this time. This, therefore, is an effective method of limiting the 
integration time to one half-cycle as discussed in section 9.1. 

It will be noticed that the above discussion has ignored the 
voltage drop in the control circuit due to the inevitable build-up 
of mean control current. 

Provided the core permeability is large and the control circuit 
resistance is small, however, the control current cannot build up 
sufficiently in the first half-cycle to produce an appreciable voltage 
in opposition to the control voltage. 
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The foregoing discussion will now be considered on the basis of 
the circuit equations thus : 
dps “3 eee eae 
ho eed. |= Wt a eF (ignoring 7,f2,). 
Also the mean flux ¢) = Pa ee bp : 


giving E,—e =2N, “fo, 


Integrating between the limits 0 and ¢, 


wien 


Now the control voltage-time integral may be considered to 
consist of two components, i.e. the integral over the first half- 
cycle added to the integral overthe remaining half-cycles, the last 
one of which ends at time f. 

Also the feedback voltage-time integral is zero in the first half- 
cycle. Thus from these considerations 


THe t 
ec a [Bat [rae (| 
T/2 1/2 


Since the a.c. fluxes for no signal vary over the whole unsaturated 
range of the core, we have 


a) ren (see section 3.13) 
where é, is the output vy onaee: rae putting e = #7,é, gives 
t 
7, 2M alt (nay [ra fase} 
7/2 7/2 
If H, is fixed by the load tapping P so that the two last 
integrals cancel, then we have 
LH, =H, . .  . (9.16) 
In these circumstances integrating over the first half-cycle and 
putting 7/2 = 1/2f gives 


EN 
é,=—— » (9.17 
on = (9.17) 
N. 
and from 9.16 and 9.17 i, = a 
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Thus this arrangement has characteristics which are very 
similar to those of the switched rectifier type of circuit devised 
by Ramey, the most important being a linear voltage amplifica- 
tion equal to the turns ratio and a response time of one half-cycle. 
It has also two distinct advantages, firstly it is not so dependent 
upon a square loop characteristic, and secondly it is more easily 
adjusted to the correct working condition. 

Finally, it will be appreciated that the voltage fed back exer- 
cises the same type of constraint as the voltage drop in the control 
circuit of an auto-excited transductor due to the growth of control 
current. Both of these constraints reduce the voltage gain and 
speed up the response ; the disadvantage of the latter method, 
however, arises because it is not the output which opposes the input 
but, in effect, the control current. Therefore any time delays or 
non-linearities arising outside this local feedback loop will not be 
influenced by it. Two such characteristics are immediately 
evident : 


(a) The time-delay introduced by the a.c. windings (section 8.5). 
(6) Non-linearity between the contro! current and the flux, this 
being the most non-linear characteristic of the transductor. 


When using the voltage feedback type of circuit both of these 
effects are included within the feedback loop and it is therefore 
probably true to say that feedback is the most effective and 
easiest way of producing a fast response. 


9.12 Three-Phase Circuits 

Three-phase transductor circuits have been examined and 
successfully applied to control applications ° (see section 14.8). 
These circuits may be synthesized from the half-wave circuit of 
Figure 9.3b. 

Firstly the coil in this figure may be considered in two parts, 
the rectifiers also being duplicated to give the circuit of Figure 
9.13a. If two more inductors are added, as in Figure 9.136, 
full-wave operation is obtained when using a direct control 
voltage #, and an alternating voltage #,. Here each reactor is 
designed to sustain half the alternating supply voltage. Thus on 
positive half-cycles (as shown) coils (1) and (3) are having their 
flux sampled prior to conduction which takes place round the 
circuit AJKDEMH. In coils (2) and (4) the flux is being set by the 
control voltage-time due to | H, |—H#, acting round ABCDEFGH. 
On negative half-cycles the two pairs exchange their operation. 
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A third pair of inductors may be added to the above arrange- 
ment which makes the circuit immediately applicable to three- 
phase operation, each of the three points A, H and N being con- 
nected to the three respective phases of the supply as shown in 
Figure 9.13c. 


Ro: Go i 
= | = Rez 
Eo At—0,, o—+H 
glo ako. 
B . se 
: <= Mm ZL 
te) iid (b) 


GUO 


(€) 
Figure 9.13. Synthesis of three-phase circuit. 


(a) Half-wave single-phase circuit. 
(6) Full-wave single-phase circuit. 
(c) Three-phase circuit. 


Experimental work * on three-phase high-speed transductors 
of this type using H.C.R. cores excited at 400 c/s showed that the 
device tends to behave as a pure time-constant of 1/2f seconds 
but with a phase shift which is linear with signal frequencies due 
to a fixed lag of 1/2f seconds as described in section 8.6. Experi- 
mental frequency responses are plotted in Figure 9.14. 

If galvanic isolation is required or a voltage gain greater than 
unity then, as previously, double-wound reactors may be used. 
The circuit for this is shown in Figure 9.15. As in the case of the 
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Relative amplrtude 
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Figure 9.14. Frequency response of three-phase circuit. (After Matine.) 
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Figure 9.15. Three-phase transductor with isolation between control and load 
circuits. 


single-phase circuits, two alternating voltages are required such 
that 


The power gain per stage which can be obtained from a high- 
speed three-phase amplifier is of the order of 1,000 and hence 
multi-stage operation is often desirable. 

Fast response may also be obtained with three-phase circuits 
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by the use of negative feedback as described in section 9.11. This 
has the advantages discussed for the single-phase amplifier in that 
no control rectifiers are required, making leakage problems easier. 
Also, as previously, the amplifier characteristic is less dependent 
on complete remanence in the core characteristic (figure 9.16). 


Eas? 


t 
fd 


Figure 9.16. Three-phase circuit giving fast response by voltage feedback. 


9.13 Comparison of Transductors having Single-Cycle and Multi-Cycle 
Setting 

Let us now compare the fundamental operation of the slow- 
setting full-wave transductors with that of the fast-setting circuits. 
After a control voltage is applied the initial flux set in the first 
half-cycle is approximately the same for both types of circuit. 
In the former type of circuit, however, the flux set in each half- 
cycle is integrated over several cycles due to the fact that the core 
proceeding towards saturation always inherits the total flux 
change from previous setting periods. The ultimate output is 
determined by the final mean flux level which is limited by the 
mean control current ; this cannot increase beyond the value 
H/k,. The total flux which is set may therefore be large 
although the time taken to achieve this is extended over many 
cycles. 

In the fast-setting transductor, after the application of a control 
voltage, the flux is always set to the same value from saturation 
and there is no inheritance of voltage-time from previous setting 
periods. It follows, therefore, that no integration of the flux 
takes place over more than one half-cycle, thereby confining the 
response time to this period. 
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There are, therefore, two alternative ways of using a trans- 
ductor ; in the former the power output for a given voltage input 
is limited by the circuit parameters (e.g. the control circuit 
resistance) while the response time is allowed to take any value 
consistent with the circuit amplification. In the latter the time- 
constant is limited to one half-cycle while the power output 
depends upon the total flux which can be set in this time. 

On the basis of a hysteresis loop of infinite slope, the power 
gain of the fast-setting transductors is infinite, and therefore it 
might appear that the device has a power gain comparable with 
the slow transductor having 100% self-excitation. This, however, 
is not the case since it does not take into account the finite core 
permeability which associates a change of m.m.f. with a flux 
change. This may be seen qualitatively from elementary energy 
considerations. Whenever a flux change occurs in a magnetic 
core an energy interchange takes place (see section 1.6). In the 
high-speed transductor the flux is set in one half-cycle, therefore 
the total energy interchange W between the source and trans- 
ductor occurs in this time. When the energy level is set to this 
value, sampling takes place and over the next setting half-cycle 
the core flux is reset. Therefore the rate at which energy is trans- 
ferred between the source and the control circuit is 2W/T units 
per second. In the slow transductor the same energy interchange 
W is necessary to set the flux in order to produce the same output, 
but this occurs over 7 half-cycles and therefore the mean energy 
interchange per second will be 2W/n7’. The quantity 2W/T is 
the rate of energy interchange or the power required to achieve 
setting in the fast transductor, and this is n times the power used 
in the slow transductor, and therefore the amplification is only 1/n 
times that of the slow transductor. Losses complicate the problem 
still further and tend to reduce the power amplification of the high- 
speed transductor. It should also be noted that the voltage 
applied to the control circuit of the high-speed transductor is 
considerably greater than the control voltage for the low-speed 
transductor. This follows again from the fact that if the control 
flux is to change by a given amount in one half-cycle, it must be 
supplied from a much larger e.m.f. source than if a larger number 
of cycles were available in which to set the flux. 

The advantages and disadvantages of the two modes of opera- 
tion can only be discussed with reference to a particular applica- 
tion. But in cases where power gain may be sacrificed for 
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improved response, the high-speed circuits may be preferable. On 
the other hand, in many cases it would be advantageous to sacri- 
fice speed of response and thereby enable the control current to 
build up over a large number of cycles to a higher value for a 
given control voltage. 

It is of interest to compare the amplifying process of a trans- 
ductor with that of an electronic valve. In the transductor the 
input is being sampled every half-cycle, the output then respond- 
ing to the results of the sampling process. Thus the input may be 
constant over a considerable period of time ; nevertheless it is 
periodically sampled, although the information resulting from this 
sampling may be “ stale.”’ In the electronic valve, on the other 
hand, the grid charges up to a certain potential and the input 
information is sampled continuously, i.e. at infinite frequency. 
The time-constant of the transductor is therefore limited by the 
supply frequency whereas that of the valve is limited only by the 
rate at which energy can be stored in the grid capacitance. 
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CHAPTER 10 


BALANCED MAGNETIC AMPLIFIER CIRCUITS 


10.1 Factors Governing Choice of Circuit 

w all the transductor circuits so far described the output 
| eee be reduced to zero, and no matter how the control 
system is biased the output will never be less than a minimum 
value equal to ta, (section 2.4). In certain circumstances this 
standing current does not matter. If, for example, the load is an 
electromagnetic relay or a heating element a small load current is 
unlikely to produce any appreciable effect. 

In other cases where, for example, the load is a second-stage of 
magnetic amplification or a motor field, it may be possible to 
compensate for this standing current by actually biasing the load 
device itself. In the latter examples the loads are electromagnetic 
and the outputs are m.m.f.s which magnetize a core. 


Load resistance 


Motor field 


Load bias cor/ 


Figure 10.1. Single auto-excited transductor giving push-pull output by using 
bias in the load. 

Jt is sometimes required that the direction of the output will 
reverse for a change of signal direction. This may be achieved by 
the provision of suitable biasing at the input of the amplifier as 
well as in the load. A simple example is shown in Figure 10.1, 
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where the load is the d.c. field of a motor and the amplifier 
is a single parallel auto-excited transductor. Bias windings NV, 
are provided on the transductor, and the bias supply is adjusted 
so that for zero signal the output m.m.f. stands at half its maxi- 
mum value. A bias field is also provided on the motor to balance 
out this standing m.m.f., thereby ensuring that the motor field 
m.m.f. will be proportional to the control voltage and of the same 
sign. This technique is particularly applicable when the load is 
another transductor, in which case bias windings may readily be 
added to the second stage. 

Although this arrangement as an amplifier is probably the most 
economical in terms of cost and size, it suffers from two disadvan- 
tages. Firstly it is often impracticable to incorporate bias in the 
load, and secondly the zero stability of such an arrangement is 
comparatively poor. It will be shown in Chapter 11 that better 
zero stability could be obtained with a single transductor output 
stage by using an even harmonic pre-amplifier. Otherwise the 
zero level associated with a single transductor is seldom better 
than about 10-’ watt, referred to the signal. 

If the load cannot be designed or modified to suit this type of 
operation, however, it is necessary to use some form of balanced 
circuit to obtain an output whose sign changes with that of the 
input. A number of push-pull circuits of this type are available, 
and they generally employ a balanced pair of transductors 
operating in such a way that the difference between the two 
individual outputs operates on the load. Some of these circuits 
give a d.c. output and others give an a.c. output whose phase 
reverses with the sign of the input signal. The latter type of 
circuit may be used for feeding directly into an a.c. load such as 
one of the phases of a two-phase servo motor. 

A number of magnetic amplifier circuits have been published 
in a book by Geyger.%” There are, however, a comparatively 
small number of basic circuits which are quite adequate for the 
majority of applications ; these are discussed in this chapter and 
the next. The circuits described in this chapter are primarily 
single-stage amplifiers employing orthodox transductors, while 
Chapter 11 mainly deals with low-level and multi-stage amplifiers. 
Push-pull amplifiers employing half-wave transductors are 
characterized by a high speed of response, and almost invariably 
require two or more stages of amplification. Such an amplifier is 
described in sections 10.21 and 10.22. 
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Push-pull amplifiers consist of two transductors arranged in a 
circuit to give a balanced output. This may be achieved in a 
number of ways but in all cases *t is first necessary to make each 
transductor sensitive to signal polarity. Auto-excited or self- 
excited transductors are, in any case, polarized ; unself-excited 
transductors may be made sensitive to signal polarity by various 
methods which are outlined in sections 10.16 to 10.18. Auto- 
excited transductors are undoubtedly the most useful, however, 
and the alternative systems are therefore of comparatively minor 
importance. 


10.2 Types of Push-pull Cireuit giving a D.C. Output 


A very useful paper on push-pull magnetic amplifiers has been 
published by Milnes and Law®; the problem has also been 
studied graphically by Butcher and Willheim.’ Many aspects 
of push-pull transductor operation still remain obscure, however, 
particularly in the case of magnetic amplifiers working into 
highly inductive loads where, in certain circumstances, cross- 
coupling occurs between the two transductors of a push-pull 
pair. 

When a d.c. load is used, the final output is obtained by sub- 
tracting the outputs from each transductor. 

The following methods are available for combining the two 
outputs : 

(a) Voltage mixing ; 
(b) Current mixing ; 
(c) Ampere-turn mixing. 

In addition, any given circuit may be operated in either of two 
ways. Firstly that shown in Figure 10.24; two transductor 
characteristics, 4 and B, are each biased to the mid-point O so 
that a positive control current causes the output from A to 
increase while the output from 6 diminishes. If the control 
current is reversed, then 6 increases and A diminishes. For any 
particular control current the output is proportional to a line 
such as LM, which becomes zero when the control current is zero 
and negative for negative control currents. Secondly, 
Figure 10.26 shows the transductors each biased down to the 
bottom bend of their characteristics. The same general principles 
apply excepting that in this case only one of the transductors is 
operating at a time, the other giving almost no change of out- 
put. Thus positive outputs are almost entirely due to A while 
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negative outputs are supplied by 6. For any given mixing 
circuit, either of these bias conditions may be used, depending 
upon the type of characteristic required. 

The various transductor arrangements will each be studied on 
the basis of simple equivalent circuits of the type described in 
section 5.14. When doing this it must be remembered that the 
voltage generator representation for a transductor primarily 


(a) " (b) 


Figure 10.2. Two methods of biasing transductors for push-pull operation. 


(a) To mid-point (quiescent firing angle = 90°). 
(6) To bottom bend (quiescent firing angle = 180°). 


specifies the slope of the characteristic, while the standing current 
corresponding to the point O can be made to assume any value by 
applying the appropriate bias. 

The analysis given in Chapters 4 and 5 showed that for auto- 
excited transductors the standing output is equal to half the 
maximum output. This result was based on idealized cores with- 
out losses; in practice, however, the characteristics are often 
shifted in such a direction that the standing output is nearer the 
maximum value. For this reason it is nearly always necessary 
to employ a bias winding if only for trimming purposes. 


D.C. Voutacr Mrxina Crrcourr (SERIES SUMMING) 


In the following section the same assumptions as those made 
in Chapters 4 and 5 will be applicable ; thus the core will have a 
high permeability in the unsaturated region, losses will be 
neglected and the control current will be assumed to be smooth 
(A=), 
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10.3 Equivalent Circuit 

When the load is not centre-tapped the voltage mixing circuit 
is probably one of the most universally applied ; it will therefore 
be considered in some detail, not only from the equivalent circuit 
standpoint but also from first principles. 


tq (B) 


(6) 


Figure 10.3. Push-pull transductors with voltage mixing (series summing). 
(a) Complete circuit. 
(6) Equivalent circuit where rg = tay + Tar + 2rZr. 


The diagram in Figure 10.3a is the complete circuit for a 
push-pull magnetic amplifier employing voltage mixing. Two 
auto-excited transductors A and B are each fed from isolated 
windings on a transformer C; this is necessary to avoid short 
circuiting the rectifier elements due to a common connection of 
two points such as 7’and U. The two d.c. outputs feed into equal 


271 


The Theory and Design of Magnetic Amplifiers 


ballast resistors R,, one end of each being common to both circuits 
at O. The load R, is then placed across the outer ends of the 
resistors f, and the rectifier polarities are so arranged that when 
the two outputs are equal in magnitude the total voltage applied 
to the load is zero. 

The input to both transductors is biased to the appropriate 
point on each characteristic so that the total m.m.f. controlling a 
core of transductor A is equal to 

1, k ae 1, c 
and that controlling transductor B is 

1, — 1, ,- 
Thus if the control current is increased from zero, the control 
ampere-turns on A increase while those on B decrease, whereas 
if the control current is decreased the effect is reversed. The 
outputs follow the same trend and therefore in the former case P 
becomes positive with respect to Q while in the latter the relative 
polarities of P and Q reverse. 

If we consider the total a.c. circuit resistance of each trans- 
ductor, it can be seen that besides the impedance across PQ, each 
transductor has an internal resistance due to a winding and auto- 
excitation rectifier (raw + far). In addition the currents %(A) 
and %a(6) must each flow through two elements of a bridge 
rectifier. Thus if r,, is the forward resistance of one element of 
the bridge the total additional circuit resistance is equal to 
Taw tar + 2rzp, Since the points P and Q will both always 
be positive with respect to O, the currents 7, and 7, will always 
flow in the directions shown by the arrows. Therefore there is 
never any possibility that all four elements in either rectifier will 
become conducting and so short circuit a ballast resistor. For 
this reason the equivalent circuit may be represented as in 
Figure 10.36 in which the only effect of the bridge rectifiers is to 
introduce an additional series resistance equal to 27r,, in each 
circuit. The amplification and maximum output of this circuit 
will now be considered by using the simple equivalent network 
shown in Figure 10.30. 


10.4 Amplification and Output of Voltage Mixing Circuit 


There are two possible operating conditions for this circuit, 
firstly that in which both transductors are biased to the mid-point 
of their characteristic as in Figure 10.2a, and secondly when they 
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are both biased to the bottom bend as in Figure 10.26. In the 
former case the conducting period for zero control current occurs 
at a time 7'/4 (90 electrical degrees) for both transductors. While 
in the latter case conduction just commences in either one or the 
other as the control current is increased from zero, we will first 
consider the case of a 90° firing angle. 

In this case both transductors are active at all times and the 
following simple relationships may be written down for the equiva- 
lent circuit. 


Putting Te =VNaw tar t+ 20 tr 
we have from Figure 10.3b 
2,(A) — @,(B) =[8,(A) —7(B)lte +k, . . (10.1) 
Also Ri, — 4.) = R,i, ot. AED) 
a (A ) — ty -- OF . ° . (10.3) 
and 1(B) =1, — 7%, poe ef ONO) 


Subtracting (10.4) from (10.3), eliminating (7, — 2,) then elimi- 
nating [7,(A) — 7,(B)] from (10.1) gives 


(A) — é,(B) = |r, & ae 2) A R,|F, . 4. (10.5) 
From the results in sections 5.3 and 5.9 we also have 
N 
oid) Lam [aX 43] 
al ) = Ww ua + ve 
I. N 
E(B) = =a .\4, 2 4 : 
and. E,( ) WwW sal N, c 
Combining this with 10.5 gives 
_ 2 wM a _ 
i, = R. Behe a, <<: (LOG) 
"Ry + (Fe + 2) 


This shows that if the internal resistance is zero then the current 
amplification is twice that obtained with a single auto-excited 
transductor from which we obtained 


i, = - ——“ 7, (for zero internal resistance). 


The power amplification will also be twice that of a single trans- 
ductor since, although the square of the current gain has increased 
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by a factor of four, the power input to the control circuit is 
doubled due to the presence of two control windings in series. 

In the push-pull circuit the effect of the internal resistance is 
much more pronounced since it is multiplied by the factor 


R 
G + 2) It is therefore important, when dealing with 


transductors for push-pull operation, to have an internal resistance 
which is as small as possible. This may easily be seen from the 
following simple numerical example. 

Considering first a transductor for which the internal impedance 
is equal to 0-2 xX the load resistance, it will be shown in the 
following section that a reasonable value for the summing resist- 
ance R, will be such that 

a ae 

The current amplification for the push-pull unit is therefore, 

according to equation 10.6, 


1 wM,, 
‘7 0-8 RB, 
and for a single transductor of this internal impedance we have : 
1 ol,, 
OD 


Thus, remembering that for the push-pull unit the control winding 
impedance is doubled, we have 


power amplification of push-pull amplifier __ 112 


power amplification of unbalanced transductor 


If, on the other hand, the internal impedance were equal to the 
load, the above ratio becomes 0-5. The power gain of the single 
transductor has decreased by a factor of 2.77 but that of the push- 
pull pair has decreased by a factor 6.25. Thereby showing that the 
effect of increasing the internal resistance has been much more 
serious in the latter case. 


10.5 Power Output and Efficiency 


Provided the internal resistance is small, it has been shown 
that there is little difference between the power amplification of 
the single transductor and that of the push-pull unit. When 
considering the power actually wasted in the two circuits, however, 
it immediately becomes evident that in this respect the push-pull 
circuit is far less efficient than the single unit. 
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When the control signal is a maximum, one transductor of the 
pair will deliver full output and the other will be cut off. If we 
consider Figure 10.3a under these conditions, transductor B is 
cut off and A will be feeding a total load consisting of its own 
internal resistance in series with the parallel combination of 
R,and &,; + #&,. This corresponds to a total impedance given by 

RR, + £,) 
R= ee 2. (10.7 
2 
and the total power delivered is —. 
E 

Only a fraction of this power is actually dissipated in the load, 
however, and this fraction defines the efficiency 7 of the circuit. 

The total transductor current at maximum output is 7,, and is 
equal to #,/R,, and by considering the fraction of this in the load 
we have 


ty, Fe er. ae ge a - “CLONS) 


Ry + By tre(F2 +2) 


Thus, having fixed on the load resistance #,, a practicable 
value (as low as possible) is chosen for the internal resistance r,. 
Then, using equation 10.8, it may easily be shown that for 
maximum current in the given load, the summing resistor should 
be given by 


R, =V Riz 24. « (09) 


The full-line curves in Figure 10.4 show the maximum load 
current 7, expressed as a fraction of #,/h, and plotted against 
h,/R,, for various values of internal resistance. It is seen from 


R —— 
these curves that maximum current flows when R. = J Ro which 
i a 


is in accordance with equation 10.9. It may also be shown that 
the efficiency is given by 


are eae Ha ose (TOTO) 


(a. +2.) + (+2) (x, +28) 


These expressions enable us to obtain the efficiency for various 
values of the circuit constants. 
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Firstly, in the ideal case of zero internal impedance, by putting 
dy 
dk, 
is a maximum when R; = R,/V2; this corresponds to an 
efficiency of 17.24. Such a low efficiency is of course due to 
the presence of the summing resistors which are necessary in 
order to provide an artificial centre tap for the load. 

In practice, however, the internal impedance 7, must be taken 
into account, and the dotted curves in Figure 10.4 show the 


’, = 0 in equation 10.10 and equating to zero, the efficiency 


—> Max. foad current as t,f(E,/R,) 
——> Fer cent efficiency (7) 


0 02 04 O68 08 10 72 4 76 18 20 
—>Res/Rt 
Figure 10.4. Curves showing effect of R;/Rz on push-pull transductor 
: performance. 
(a) (dotted) R,./Rz plotted against efficiency. 
(6) (full line) &;/Rz against fractional load current. 


efficiency plotted as a function of A,/R, for different values of 
the internal resistance. It is seen that the maximum efficiency 
and maximum output do not occur together. It should also be 
noted, however, that the maximum output (equation 10.8) is 
derived on the assumption that one transductor is completely 
quiescent. This is not exactly true at the limit of linearity and 
the effect is to make the maximum output occur at a slightly 
higher value of summing resistance than that given by 
equation 10.9. In practice each summing resistance is usually 
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made equal to the load resistance ; this, in most cases, gives a 
fair compromise. 


10.6 Basic Operation of Voltage Mixing Circuit (Quiescent Firing Angle 
Equal to 90°) 

Although the more important relationships for the voltage 
mixing circuit have already been determined from the simple 
equivalent circuit, the basic operation of the pair of transductors 
acting together will now be considered for this particular circuit. 
When dealing with the other types of circuit, the equivalent circuit 
derivation will be used since the internal operation in all cases 
follows a similar pattern to that about to be described. 

Considering Figure 10.3a, if the control voltage is zero, both 
transductors are subjected to exactly the same control m.m.f. per 
core, 7,N,, and therefore both transductors commence conduction 
at the same instant during a cycle. If the bias is adjusted so that 
this instant corresponds to the quarter period time 7'/4, and if, 
furthermore, both transductors are identical in all respects, then 
over the period from 0 to 7'/4 all four cores will be unsaturated 
and neither supply voltage will be applied to the load circuit. 
When both transductors commence conduction, both supply 
voltages drive current through the summing resistors in opposite 
directions, the potentials at P and Q are still equal and the load 
current is still therefore zero. If a signal is now applied to the 
input, the magnetizing m.m.f. for A is increased by 7,N, while the 
m.m.f. for B is decreased by 1,N,. It therefore follows that 
conduction commences in A earlier than in B. 

During the period after A has fired but before B fires, two 
factors must be considered. Firstly, a voltage is applied to the 
total circuit resistance Ay, as a result of which a load current 
flows ; if the instantaneous voltage is Ha, then as in equation 10.8 
we have 


t, = HR 
Ry, 
where R=h,+k, +7, R +2 x a oe GLO T) 


Secondly, a voltage equal to 7,R, is developed across QO which 

opposes the supply voltage applied to the second transductor. 

Therefore the total voltage acting in the a.c. circuit of Bis equal to 

Bo Ray 3. , CEO) 

it thus follows that flux changes in B after A has fired are governed 
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by this resultant voltage and not the supply voltage acting alone. 

After transductor (A) has fired at a time ¢,(A), one of the cores 
in (B) will still be proceeding to saturation ; if this core saturates 
at t,(B), the total flux change 4¢ occurring between ¢,(A) and 
t,(B) is obtained by considering the total voltage-time integral 
applied to the windings of (B) over this interval. Since the 
control current is smoothed the total voltage-time is that applied 
to the a.c. windings between ¢,(A) and ?,(6). Thus from (10.11) 
and (10.12) we have . 


7 ) 
A ee eps OMS 
d ¥ (10.13) 
tq(A) 
Also, since a voltage is only applied to the load over the period 
from t,(A) to ¢,(B), we have from equation 10.11 
tq(B) 


2 (Hd 
=| ae ,. (10.14) 


T 


t_(A) 
Combining 10.13 and 10.14 gives 
2N Ad 1 
FBP ee 
When the flux in a core of transductor (4) reaches saturation, 
that in the corresponding core of (B) is behind saturation by an 
amount Ad. It follows that while both transductors were un- 
saturated, i.e. before ¢,(A), the difference in their respective flux 
levels was 4¢é and that this was due to the difference 21,7, 
between the m.m.f. controlling (4) and that controlling (8B). 
Since a linear magnetization curve of the form shown in 
Figure 3.1c is assumed, we have 


Ap = 


. (10.15) 


2N 2, 
S 
where S is the reluctance of one of the cores. Substituting this 


result in equation (10.15) and evaluating the term involving R’ 
from (10.11) we have 


—— 


2 wM ,, : 


” [a+ (+2) 


which is the same result as that obtained by the equivalent circuit. 
The most important factor which emerges from this detailed 
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treatment is the fact that the supply voltage H, to each trans- 
ductor may be rated somewhat over the value normally used in 
the case of a single-sided device. 

This is because the effective voltage in the a.c. circuit is reduced 
due to the current flowing in the summing resistor Rk,. Thus when 
the amplifier is delivering full output transductor (A) may be 
conducting throughout a half-cycle while (6) never conducts ; 
the mean voltage actually applied to the a.c. windings of (B) will 
therefore be | 

(1 — B,/R’). 


This voltage must be equal to the value H,,, which corresponds to 
saturation, so that 


71 Kas 
. (1 ae R,/ Rf’) 
_ R, 
Thus HL =E£,.J1- aa : @. 2 (10:16) 
R,+ re + 2) 


The permissible supply voltage may readily be determined for 
any known circuit parameters ; thus in the example in section 10.4 
for which 

vy, = 0:2 A, and &, = &, 


we have from equation 10.16 
HE, = 1-62 E,,. 


10.7 Quiescent Firing Angle Equal to 180° 


When the quiescent firing angle of the two transductors is 
biased back to 180° each transductor operates independently of 
the other and the control characteristic of each one is of the form 
shown by the curves in Figure 10.20. 

In this case it is seen that for positive control currents the 
amplification will be given very nearly by the slope of A, while 
the slope of B is usually sufficiently small to have only a negligible 
effect. The amplification of a push-pull unit biased in this way 
may therefore be obtained by considering that one of the trans- 
ductors only applies a voltage to the external circuit resistance 
denoted by A, which consists of r, in series with the parallel 
combination of R,and Rk, + #,. The ratio of the mean alternating 
current 7, to the control current 7, is therefore the same as that 
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applying to a single unit having a total circuit resistance #,, thus 
lwM 
1,=- cei hes 
a Rp 
Evaluating 7, in terms of 7,, &, and #,, and substituting in the 
above result, gives 


M 
a oa. &, x. 4 C0171) 


k,+ &, tr 3 +2) 


This is seen to differ from the previous result (equation 10.6) 
obtained for a 90° quiescent firing angle in two respects, firstly 


= a 


i, = 


2 1 
the constant factor — is now replaced by -, and, secondly, the 
WT 7 


effective circuit impedance appearing in the denominator is 
increased by an amount &,. 
The curves in Figure 10.5 compare the various theoretical 


load current 


———> 
Control current 


Figure 10.5. Control characteristics for voltage mixing push-pull transductors, 
(After Mtines.) 


(2) 90° quiescent firing angle. 
(6b) 180° quiescent firing angle. 
(c) Intermediate firing angle. 


characteristics obtained for the different bias conditions. Curve (a) 
shows the final characteristic obtained for a 90° quiescent firing 
angle. Here we have a large slope and a large value of the maxi- 
mum output due to the fact that the supply voltage can be appre- 
ciably uprated. In curve (6), since only one transductor is 
operating at a time, no uprating of the supply voltage is permissible 
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and the maximum output is therefore only about two-thirds of that 
given by (a); the amplification is also considerably reduced, as 
explained previously. Curve (c) shows a combination of these two 
effects. For small control currents the curve follows (a) while 
both transductors are active. At the points P and P’ one trans- 
ductor of the pair cuts off and the characteristic is then parallel 
to (b). Such a relationship is non-linear and therefore not parti- 
cularly useful. | 

When the quiescent firing angle is equal to 180°, the efficiency 
is the same as that obtained for the conditions of a 90° quiescent 
firing angle and therefore, if the amplifier is liable to be in continu- 
ous use, the latter arrangement is generally preferable. In cases 
where the amplifier must remain switched on but is only called 
upon to operate at infrequent intervals, the former mode of 
operation is preferable since it has the advantage of a low quiescent 
current. 


PusH-Putt Crecurts witH M.M.F. Mixine (MaGnetic SUMMING) 


Of the various types of d.c. push-pull amplifier, the ones 
employing magnetic summing circuits are the most efficient. They 
can, however, only be used when the load device is centre-tapped 
and. since such loads are usually electromagnetic devices of some 
kind, this method of obtaining the resultant of two separate out- 
puts has been termed magnetic summing.* 


10.8 Amplification of Magnetic Summing Circuit 


Figure 10.6a shows the complete circuit of a pair of auto- 
excited transductors arranged to give a d.c. push-pull output into 
a centre-tapped load. In this case the effective output is the 
m.m.f. produced in the load coil which has N, turns on each side 
of the centre-tap. If the self and mutual inductance of the two 
halves of the load are appreciable then the operation is complicated 
by cross-coupling between the individual transductors. This may 
be reduced by methods which have been discussed in a 
later section. Meanwhile it will be assumed that the inductive 
effects are not appreciable and the equivalent circuit may be 
represented as shown in figure 10.66. The following simple 
relationships are immediately seen to apply thus : 


é,(A) = iA) |r ate a] . .. (10.18) 
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é,(B) =1,(B) +, ai =] - -@. 4 C09) 


Effective load mmf. = [%,(A) — 7,(B)]) Nz 
so that the effective load current 7; is equal to 7,(A) — 7,(B). 
Combining 10.18 and 10.19 and substituting as previously gives 


2 wM 
(ee ... (10.20) 


tL Cc 
T R 
@ +- +) 


This arrangement is seen to have twice the effective current 
amplification of a single auto-excited transductor operating into 
a load of #,/2. 
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(5) 
Figure 10.6. Push-pull circuit using m.m.f. mixing. 


(a) Complete circuit. 
(6) Equivalent circuit. 
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The greater efficiency of this circuit compared with the voltage 
summing circuit is to be expected since in the present case no 
summing resistors are necessary and each transductor may be 
treated as a single unit. Magnetic summing is therefore utilized 
whenever possible, since efficiencies as high as 90% can be 
obtained. 

Finally, it should be noted that when the twin load coils are 
completely isolated from one another there is no need for the 
isolating transformer C’, and the two circuits can be coupled in 
parallel to the same supply voltage £,. 


10.9 Push-pull Circuits Using Current Summing 


Another circuit which is sometimes used for combining two 
independent outputs is the current summing network. ‘This 


Figure 10.7. Push-pull transductor using current summing circuit. 


arrangement is shown in Migure 10.7. It is even more inefficient 
than the voltage summing circuit and is not often used ; it does, 
however, occasionally find application in cases where the load has 
a very low impedance. 


10.10 Push-pull Circuits with (Group 2) Bridge Transductors 

The push-pull circuits described so far have all involved the 
auto-excited parallel transductor. They apply equally well, 
however, to the bridge connection and, by way of example, the 
voltage summing push-pull circuit is shown in Migure 10.8. Here 
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we have a very similar arrangement to that shown previously ; 
indeed, the only basic difference lies in the effective internal 
resistance 7,. In the present case the transductor current 7,(A), 
for example, flows through one a.c. winding with its associated 
auto-excitation rectifier having a total resistance 7,,, -+ 74, and in 


| |e 
Ce FEM 


1) (A) Zq(A) 


, tz 
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ay 
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ieee (By i, 
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Figure 10.8. Push-pull voltage mixing circuit using bridge connected (Group 2) 
transductors. 


addition the current path includes only one of the load rectifiers 
(3) and (4). Thus the total internal resistance r, is given by 


1 S167 Veo Te cae co JEFOIZT) 
Provided the appropriate value of the internal resistance is 
inserted in the relevant equations, an analysis of this push-pull 
circuit using the bridge transductors yields the same results as 
those obtained using the auto-excited parallel transductors. The 
same observations apply to the magnetic summing circuit and the 
choice of parallel or bridge connection depends upon the same 
factors as those applying when considering the single unit ; this 
was discussed in Chapter 8 and was shown to depend primarily on 
the required dynamic performance. 


10.11 Push-pull Circuits Using Self-Excited Transductors 
The equivalence between the self-excited and auto-excited 
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transductors was discussed in Chapter 5, and this result enables 
one to write down the expressions for the push-pull circuits using 
self-excited transductors. ‘These circuits, however, are seldom 
used for reasons already given. In cases where self-excited circuits 
are employed it is often found that better results are obtained if 


Cc) = ie 


Figure 10.9 (a). Push-pull voltage mixing circuit using crossed self-excitation. 
(6). Effect of drift on push-pull amplifier with cross-excitation. 
(c) Effect of drift on push-pull circuit with normal self-excitation. 
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cross-feedback is used between the two transductors of a push- 
pull pair. 

A circuit diagram of this arrangement is shown in Figure 10.9a 
for the condition of complete self-excitation. Here the self- 
exciting circuits are shown dotted and it is seen that each trans- 
ductor has two such windings, each one having 44, turns per 
core. Qne is fed from its own a.c. circuit and the other fed from 
the adjacent circuit. It follows that when both transductors are 
balanced the total self-exciting ampere-turns on each is zero. 

Initially the transductors are biased so that when there is no 
self-excitation each gives one-half its maximum output for no 
signal. 'This state of affairs is shown in Figure 10.9b, where the 
characteristics A and B are those of unself-excited transductors. 

Thus it is seen that the self-excitation only becomes effective 
when the two transductors become out of balance, e.g. due to a 
control signal. If normal self-excitation were used, the balance 
point might tend to shift due to drift to a lower part of the control 
characteristic as shown by the dotted lines in Figure 10.9c, and 
although this would maintain zero output provided both units 
shifted similarly, the operating point on each characteristic would 
no longer be symmetrical with respect to the individual charac- 
teristics. With the present circuit this effect is considerably 
reduced since the balance is independent of the self-excitation. 
The circuit is also found to give somewhat improved zero stability 
and more effective matching of the pair. 


EFFECT oF INDUCTIVE LOADS AND SMOOTHING CAPACITORS ON 
PUSH-PULL CIRCUITS 


The effects obtained when the load is appreciably inductive are 
somewhat complicated ; they have, however, been investigated 
experimentally by Milnes and Law,” and the conclusions are that 
in general improved performance is obtained by using capacitive 
smoothing. 


10.12 Voltage Summing Circuit 

The effect of a smoothing capacitor across the d.c. load of a 
push-pull amplifier using voltage summing is to increase the 
amplification and to extend the linear range of the device ; its 
function is thus very similar to that of a single unit with capacitor 
smoothing. When the conducting period is short, a capacitor across 
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the load will store energy, and tend to give rise to pulse lengthen- 
ing as described for the single unit in Chapter 6. (Figure 10.10 
shows the final control characteristics obtained with a push- 
pull amplifier using voltage summing.) Curve (a) applies to the 
case of a pure resistive load of 120 ohms. Curve (6) shows the 


60 SS 


Load currené mA (mean) 


O 2 4. 
Contro/ current mA (mean) 
Figure 10.10. Curves showing effect of capacitive smoothing on inductive load 
when using push-pull circuit with voltage summing. (After Milnes.) 
(a) Resistive load (120 2). 
(b) Inductive load Ry = 120 2 Lr = 06H, 
(c) As (b) but with 8uF capacitor across load. 


effect of adding an inductance of 0-6 henries while maintaining the 
same total resistance. Finally, curve (c) illustrates the improve- 
ment brought about by a smoothing capacitance of 8uF in parallel 
with the inductive load. In the latter case it is seen that the linear 
range is extended and the amplification is increased. The improve- 
ment is similar to that shown for a single unit in Figure 6.12 and 
the value of load capacitance to produce a reasonable result is 
given approximately by the relation 


1 
HeCy > of (10.22) 


ft 
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10.13 Magnetic Summing | 


When the magnetic summing circuit is used, a load with appre- 
ciable inductance can give rise to cross-coupling effects due to the 
mutual inductance between the two load coils. This effect appears 
as a reduced sensitivity of the characteristic near the origin as 
shown in Figure 10.lla. If separate capacitors are connected 


Load current mA(mean) 


2 
Control current mA (mean) 


Figure 10.11(a). Effect of cross coupling in push-pull circuit with magnetic 
summing (240 2 + 0-6 H). 
(b) Improvement due to parallel capacitor Cz = 4yF across each coil. 
(After Milnes.) 


across the control windings (shown dotted in Migure 10.6), the 
effect is somewhat reduced, and by placing a capacitor across each 
individual load coil, the effect can usually be eliminated. The 
characteristic in this latter case is shown in Figure 10.116. The 
appropriate value of load capacitance is again given by equa- 
tion 10.22. 


PusH-PULL CIRCUITS wITH AN A.C. OUTPUT 


A pair of transductors operating in push-pull are often used as 
an output stage for servo amplifiers. In many cases the output 
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stage delivers a.c. power to a two-phase induction motor whose 
direction of rotation reverses when the input to one phase changes 
polarity relative to the other. Such a motor has two windings, one 
is fed from an a.c. supply of constant amplitude and the other is 
supplied with the output from the magnetic amplifier. The latter 


Phase- shifting 
« Capacitor 


TWO-PAAS 2 
~~ Yynotor 


a rommmaees 5 2 1 


Cd) » (Cc) 
Figure 10.12(a). Variable speed two-phase motor. 
(b) and (c). Two alternative types of push-pull circuit giving an a.c. output. 


supply is also alternating and is capable of a phase reversal of 180° 
when the input signal changes sign. ‘he supplies to each wind- 
ing of the motor must be displaced in phase by 90°. This is 
achieved by means of a capacitor in series with the fixed phase 
as shown in Figure 10.12a. The amplifier output must there- 
fore be alternating and capable of a phase reversal of 180° when 
the input signal changes sign. 


10.14 A.C. Output with Auto-Excited Transductors 
There are two auto-excited circuits which may be used to 
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give an a.c. output with phase reversal; these are shown in 
figures 10.126 and c, both of which can be regarded as systems 
which are balanced when the control current is zero. The control 
current causes one transductor to fire before the other and there- 
by introduces unbalance in the course of which an output is 
delivered to the load. 

Referring to Figure 10.126, when both transductors are non- 
conducting up to a time t,(A) the whole supply voltage #’, appears 
across the transductors and consequently the output is zero. If 
the transductor internal resistance is ignored then the output 
delivered to the load is given by 

ez = Nle,(A) — e,(B)]. 
where J is the turns ratio between the primary and secondary 
windings of the transformer. 

The voltages e,(A) and e,(B) are either zero or have the same 
instantaneous polarity as the supply and are in fact represented 
by the ungated portions of the supply voltage. It follows that if 
the polarity relationship between the output and the supply is 
regarded as positive when (A) fires first then it will be negative 
when (B) fires first. When one transductor has fired and the other 
is still unfired an output equal in magnitude and sign to that of 
the fired transductor appears across the load transformer, but after 
both transductors have fired e,(A) =e,(B) and hence the resul- 
tant output is again zero. 

During the period when transductor (A) is conducting, a voltage 
is developed across the load which in turn is induced back into the 
circuit of transductor (B) ; its direction is such as to increase the 
total voltage applied to the a.c. windings of (B). This leads to the 
requirement that the supply voltage must be slightly derated to 
a value which is generally about 75% of the normal design value 
E',, for a single transductor. The same phenomenon is seen to 
arise in the case of Figure 10.12c; here the voltage developed 
across the load during the period of conduction for (A) is applied 
in series with the supply voltage of transductor (8). 

Returning to Figure 10.126, during the interval ¢,(A) to ¢,( 5) 
we have 


Ni; =1, 
t,( B) 
and hence Ni, = 2f | alt 
tg(A) 
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E 
and since over this period 1, = a 7 TN 
é,(B) d | 
Edt 
i, = eee 2 6 4110223 
we have Ni, 2f | i. a R oa ( ) 
(A 


also the total apes applied . transductor (B) after (A) has fired 


is equal to #, + sas, substituting for 2, gives: 
voltage applied to (B) = E, € 4 am) » .  . (10,24) 


The difference in flux level 46 between the two transductors 
arises as before due to the control current ane ue have 


Ap = = [1 + Ry,/N? Pal [a 


S + k,/N? 
Combining with 10.23 and collecting terms : 
2 wM on 
a ———-__ 7,/N . .  . (10.25 
ss ee TT, st oR N Vf ( ) 


It is worth noting that apart from the factor N the current 
amplification is almost the same as that found for a single trans- 
ductor instead of twice the value ; this can be seen if the numera- 
tor and denominator of equation 10.25 are both divided by 2. 
The reason for this is that after (A) has fired the voltage applied 
to (B) is almost doubled (equation 10.24), so that (B) fires at almost 
the same time as it would have done if there were no control 
signal. Thus on applying a control signal, the firing time of (A) 
is advanced, but that of (B) is not appreciably retarded. Equation 
(10.24) also shows that the supply voltage requires to be derated 
to such a value that 

E, = B,,| a “al 
Vee ah 2K;/ Ae 

In these expressions the internal resistance includes one a.c. 

winding and one rectifier unit and therefore 
Veg eM hag Das 

In both the circuits of Figure 10.12b and c it is seen that 
when both transductors have fired after ¢,(5), the current circu- 
lating in both transductors is limited only by their internal 
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resistances ; therefore, in order to avoid undue power wastage, 
limiting resistors may be included in series with each transductor ; 
these are shown in Frgure 10.12c, and in 10.125 would be 
placed in series with each primary winding on the transformer. 
Since this is, in effect, an increase of the internal resistance, the 
various expressions already derived for the circuit of Figure 10.126 
apply provided we put 
fg OT aug oe Cap k,. 

The need to include #, in the internal resistance is removed if 
it is placed as a limiting resistor in series with the supply and 
shown dotted in Figure 10.12c. In these circumstances it does 
not reduce the gain of the circuit.’ 

From the functional point of view there is very little to choose 
between the two alternative circuits in Figure 10.126 and ce, 
but the former has one practical advantage when considering 
standardization. Since the a.c. load is preceded by a transformer, 
a standard amplifier can be used for most applications, each one 
having its own matching transformer. 


10.15 A.C. Output Stages Using Simple Series Transductor 


Sometimes the pre-amplifier for a servo is electronic and the 
output stage is magnetic ; in these circumstances the control 


© Vy (A) 


ce] 
V5 (B) 


Figure 10.13. A.C, output stage using a pair of series transductors in push-pull 
operation. 


292 


Balanced Magnetic Amplifier Circuits 


windings can be driven by two pentode valves in push-pull ; this 
will ensure a short time-constant due to the high impedance 
control circuit. In these circumstances the power gain required 
from the magnetic amplifier is often very small and a pair of 
simple transductors without self-excitation is adequate. Several 
balanced circuits of this type are available, and an example of 
one is shown in Figure 10.13. 

In this case the bias is provided by the standing currents in 
the two valves. When push-pull inputs are applied to the 
pentodes, the control current from one anode increases while that 
from the other anode is reduced. This results in an output whose 
magntiude and phase depend upon the magnitude and relative 
sign of the differential input. 


Mertruops oF MAKING TRANSDUCTOR POLARITY SENSITIVE FOR 
PUSH-PULL OPERATION 


It will have become evident from the foregoing remarks that 
one of the main requirements for a transductor used in push-pull 
circuits of the type so far discussed is that it shall be sensitive to 
signal polarity. Thus, as we have seen, the application of a bias 
m.m.f. to the transductor or the use of self- or auto-excitation 
gives this effect. The latter arrangement is the one most usually 
employed, and other methods are seldom used. Some of the 
alternatives have points of interest, however, and will therefore 
be mentioned briefly. 


10.16 Use of Permanent Magnets for Making Transductors Polarity 
Sensitive 

A permanent magnet may be used with a particular type of 
core construction in order to make the transductor sensitive to 
signal polarity.“” A diagram of the arrangement is shown in 
Figure 10.14a. This system requires the centre limb type of 
core construction in which the a.c. windings are wound on the 
two outer limbs A and C, while the control winding is wound on 
the centre limb (section 2.13). Fluxes produced by positive 
current in the control winding are shown dotted ; these fluxes 
thread the outer limbs, producing magnetization of the core to 
give normal transductor action. 

The magnet is arranged to produce a flux bias in the centre 
limb, and if the dimensions are appropriately arranged, this bias 
can reduce the flux in the centre limb to correspond to the negative 
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knee of the saturation curve. Apart from this, the magnet alone 
has little effect on the alternating current components in the 
transductor a.c. circuit. Thus if a positive control voltage is 
applied the resulting m.m.f. produces normal transductor action 
in the positive direction. If a negative control current flows, 
however, since the centre limb is almost saturated in the negative 
direction, the additional control m.m.f. saturates this limb. Under 
these circumstances the centre limb virtually becomes an air gap 
and the control m.m.f. is therefore incapable of producing an 
appreciable flux in the outer limbs no matter how large. The 
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Figure 10.14. Use of a magnet to make transductor polarity sensitive. 
(a) Assembly of magnet and core. 


(b) Control characteristic obtained with a permanent magnet flux bias 
on the centre limb. 
effect of this is therefore to make the amplifier effective only for 
positive signals. | 

A transductor characteristic using this polarizing arrangement 
is shown in Figure 10.146, where it is seen that while normal 
operation is obtained for positive signals, the transductor is 
insensitive to negative signals. 

If push-pull action is required, it is easily arranged by using a 
pair of bar magnets in place of the U magnet ; the remote ends of 
the bars are then arranged to make magnetic contact with a 
similar transductor unit which will then be polarized in the 
reverse direction. . 

The disadvantage of this system is that it necessitates the use 
of the centre limb construction which, in general, has poorer zero- 
stability than the alternative arrangements. Its advantage lies 


294 


Balanced Magnetic Amplifier Corcuits 


in the fact that the effect is achieved without using up winding 
space on the cores, also that it is cheap and relatively easy to 
manufacture. 

The single unit is particularly applicable to relay safety circuits 
where it might be necessary to operate the transductor for positive 
signals only. 


10.17 Switched Control Circuit Using Rectifiers 


If the signal level is sufficiently high, rectifiers may be arranged 
in the control circuit in such a way that positive control currents 
are routed through one control winding and negative currents are 
routed through the adjacent winding. The arrangement is shown 
in Figure 10.15; if the control voltage is positive, current is 
routed through control winding A, and if negative through B. 
Independent gain adjustment can be made by means of the 
separate resistors £,. Sometimes, particularly when the control 
circuit impedance is low, the rectifiers modify the transductor 
action due to the rectification of even harmonic components 
flowing in the control circuit. This gives rise to a form of auto- 
excitation with a consequent increase of gain and loss of linearity. 
If the effect is not required it can be reduced by placing capacitors 
in parallel with each set of control windings, thereby providing 
an alternative circuit for the even harmonics. 

Like the permanent magnet system (section 10.16), this arrange- 
ment has the advantage of a low output current in the quiescent 
transductor. It is only suitable at signal power levels which are 
sufficiently high to overcome contact potential effects in the 
rectifiers. 


PAP AGe OP Transductor 
A 


Relay 
contacts 


Transductor 
B 


Figure 10.15. Use of rectifiers Figure 10.16. Use of relay, to 
to make transductors polarity make transductors polarity sensi- 
sensitive. tive. 
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10.18 Switched Control Circuit Using Polarized Relays 


The rectifiers used for routing the control current in the previous 
example can be replaced by a two-way polarized relay energized 
by the control current as shown in Figure 10.16. For positive 
control currents the relay makes contact at Bb, and for negative 
control currents contact is made at A. This arrangement does 
not cause interference with the transductor gain as in the previous 
case, but requires a signal power level sufficient to operate the 
relay. Other disadvantages arise due to the introduction of a 
mechanically moving component subject to hysteresis and also 
the time-constant of the relay, which must be added to that of 
the transductor. 


TRANSIENT RESPONSE OF PUSH-PULL CIRCUITS 
10.19 Time-Constant when Load is Resistive 


When using auto-excited transductors in push-pull, the 
transient response is independent of the load or the load circuit 
configuration provided that it is purely resistive. In these 
circumstances transients are governed by the simple flux time- 
constant as already found for the single unit in sections 8.3 to 8.5. 

Thus if the quiescent firing angle is 90° (section 10.6) and the 
effect of circulating currents in the a.c. windings is ignored this 
time-constant is equal to 2L,,,/&, where L,,, is the inductance of 
one control coil as previously and #, is the total control circuit 
resistance. Since the control circuit resistance for a push-pull 
pair may be expected to be twice that of a single unit, the overall 
time-constant will be the same as that of a single unit. 

When the quiescent firing angle is 180° (section 10.7), one of 
the transductors is virtually out of action since it is operating 
over the low gain region of its control characteristic. The effec- 
tive control winding inductance applicable to this unit is therefore 
very much lower than that of the operating unit and hence its 
contribution to the control circuit time-constant is comparatively 
small. The total effective time-constant will therefore be approxi- 
mately Lcwv/ Re, i.e. half that of the previous case in which both 
transductors are fully operative since the same value of control 
circuit resistance &, applies to both. 


10.20 Inductive Load 


When cross-coupling occurs with an inductive load, as in the 
case of the magnetic summing circuit, the dynamic performance 
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is liable to be complicated. In the case of the voltage summing 
circuit, however, the transient performance may be approximated 
to two simple time-constants, one due to the transductor flux 
changes and the other due to the load. In addition there will be 
a constant delay of one half-cycle as found for the single unit. 


G O 


(a) 


Figure 10.17. Circuits showing effect of inductive load for various modes of 
transductor operation. 


(a) Push-pull circuit (throughout cycle). 

(6) Equivalent circuit when (A) is conducting. 

(c) Equivalent circuit when both transductors are conducting. 
(2) Equivalent circuit when neither transductor is conducting. 


In order to obtain an approximate value for the load time- 
constant, let us consider Figure 10.17a under such conditions 
that transductor (A) fires first, thereby tending to make P positive 
with respect to Y. This output from (A) will tend to drive a 
current through the inductance; the time-constant associated with 


297 


The Theory and Design of Magnetic Amplifiers 


these changes will be that of the circuit shown in Figure 10.176 


and will be equal to 
r 
DjjA1l+ = 
(1 +42) 


Ry, ie R, zi re =“ 2] 


where 7, =Yaw Har t 20 tr 

When transductor (B) fires, since the load is inductive, the load 
current cannot instantly become zero, but since the circuit is now 
symmetrical, and neither of the rectifiers are relaxing, the dis- 
charge path consists of the two resistors R,, each in parallel 
with the internal resistance of the corresponding transductor unit 
as shown in Figure 10.17c ; in this case the time-constant may 
be represented by the expression 


(+H) 


oe > 
Bet rd 5 Ae 2] 


(1097) 


. (10.28) 


Finally, the third state corresponds to that in which both trans- 
ductors are non-conducting. If current is still being maintained 
in the inductance, this current flows in the path PWQOP (Figure 
10.172). This makes Q positive with respect to O and therefore 
blocks the load rectifier B, which is unable to conduct. Relaxa- 
tion can occur in load rectifier 4, however, and this has the effect 
of placing the effective resistance r,, from G to H in parallel with 
R,, giving the additional path PWQOGHP. Thus in this case 
the circuit is as shown in Figure 10.17d, the time-constant of 


which is 
Y 
L,\1 | 
(1+ 


ee , (10.29) 
fy, 
189 ia ae ro! a 2) 
8 
It was shown in Chapter 8 that when considering a single unit 
the mean time-constant of an inductive load was a variable 
quantity depending upon the duration of the conducting period 
and that the time-constant actually had two values, depending 
upon whether the transductor was non-conducting or conducting. 
In the present instance we have three possible values for the 
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time-constant, depending upon whether one unit, both units or 
neither unit is conducting. 

In order to get some idea of the relative magnitudes of these 
three time-constants we will consider the voltage summing circuit 
operating under the conditions for which 

f= 0:2 Ry 

i=; 
as in section 10.4. If it is also assumed that the resistance 7,, of 
one element of the load rectifier is equal to one-quarter of the 
total internal resistance r,, then the following results are obtained : 


DL 
(a) One transductor conducting, time-constant = 0:46 — 
Ry 

DL 
(b) Both transductors conducting, time-constant = 0-75 — 
Ry, 

J; ; L 
(c) Nether transductor conducting, time-constant = 0:49 — 


L 

This shows that under normal operating conditions for a push- 
pull pair with voltage summing the effective load time-constant 7, 
may be taken as something rather less than the simple time- 
constant under d.c. conditions. 


10.21 Half-Wave Push-pull Amplifier for High-Speed Operation 9: 10(@ 


It was shown in section 9.3 that when using a single-core 
transductor with half-wave rectified excitation, although the 
power gain of such an arrangement was greatly reduced, the 
response time was also reduced to the minimum value dictated by 
the supply frequency. Such an amplifier has been extended to 
operate in a push-pull arrangement by using two half-wave units 
in a bridge circuit with a common load. 

The circuit is shown in Figure 10.18 and it consists of four equal 
coils A, B,C and D, linked by two cores. It should be noted that 
coils A and B correspond to a pair of a.c. windings on one com- 
mon core (a6) while coils C and D correspond to the other unit 
having a separate core (cd). Thus the a.c. circuit for one half- 
wave unit is from the supply through coil A, the load and coil B ; 
the other circuit comprises coil C, the load and coil D. Each of 
these half-wave units is directly comparable with the basic circuit 
of Figure 9.1a. 

If neither core (ab) or (cd) is saturated, all four coils form a 
balanced bridge and no current flows in the load. If either one 
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of the pair saturates, however, the bridge is unbalanced and the 
direction of the load current depends upon which core is saturated. 
If both cores are saturated all four coils are of a low impedance 
and the bridge is again balanced. The supply voltage is connected 
to the remote ends of the coils as shown and in series with a 
resistance 7,, sufficiently large to avoid overheating during the 
period when all four cores are saturated. Bias windings G’, H link 
the cores (ab) and (cd) respectively ; the control windings J, J 
also link these cores. 

Ignoring the bias and control coils, it is seen that on the first 
positive half-cycle the supply voltage will drive both cores into 


Figure 10.18. 


saturation, and. on all succeeding half-cycles the cores will remain 
permanently saturated provided they are 100% remanent. Thus 
during each positive half-cycle no load current flows but equal 
half-wave rectified currents flow down each limb, AD and CB. 
Each current will be equal to 
2H, 
Tag “F T aw aa T or 
where 7, is the resistance of one coil and r,, that of a rectifier 


element. 
Since the current is a half-wave rectified sinusoid its r.m.s. 


value (section 2.11) will be 
111 Bi. 
2/2 lag a Taw =p Pe, 
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Therefore the series resistor r,, must be sufficiently large to 
prevent the windings from overheating under these conditions. 
During negative half-cycles the supply voltage is not applied to 
the windings and therefore the cores remain saturated. The bias 
windings G' and H, however, can be made to cause a predetermined 
decrease of flux during negative half-cycles by adjustment of the 
resistors &, and &y,, which should be very large. 

Thus in the no-signal condition the cores saturate in each 
conducting half-cycle at a time depending upon the amount of 
flux set by the bias windings in the previous half-cycle. If a 
control voltage is applied, it will oppose the flux setting due to 
the bias from coil G and assist the flux setting due to coil H. Thus 
the resultant flux set in the core (ab), for example, will be less than 
that set in core (cd) by an amount depending upon the magnitude 
of the control voltage. Therefore in the following conducting 
half-cycle core (ab) will saturate before core (cd), and over the 
period when the bridge is unbalanced a current will flow in the 
load. The mean value of this current will depend upon the dura- 
tion of unbalance which in turn depends upon the flux level in 
core (cd) when (ab) saturates. 

Thus by varying the control voltage the mean load current will 
also be subjected to a corresponding variation. 

The following important points should be noted :— 


‘(a) Provided the supply voltage is sufficient to vary the fiux 
from negative to positive saturation in one half-cycle, both 
cores will be saturated by the end of every positive half- 
cycle of the supply, therefore the initial condition must be 
the same at the beginning of every flux setting half-cycle. 
This ensures a fast response. 

(6) The only relevant action due to the control voltage occurs 
during setting periods, therefore the control can be effected 
by an alternating voltage equal in phase and frequency to 
the supply voltage. The amplitude of this voltage then 
determines the flux change in the core during flux setting 
periods. 

(c) Ifthe control voltage reverses in phase by 180° the difference 
between the flux set in the cores changes sign so that core 
(cd) saturates first and therefore the load current reverses. 
The control windings are therefore suitable to operate from 
a synchro which is supplied from the voltage source “#,. 

(d) During the period when current flows in the load the control 
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windings are coupled to the a.c. windings, and induced 
currents can flow in the control circuit. These currents may 
be limited by the resistance #,, but the latter will raise the 
control power and therefore reduce the gain (section 9.3). 

In addition, the setting action of the control voltage is 
limited to one half-cycle, and this also will limit the gain as 
in other high-speed circuits. 

The total effect of these factors is therefore to give a low 
gain with a fast response, and it is therefore important to 
be able to cascade these units together in order to obtain a 
reasonable overall amplification. In practice it is generally 
possible to achieve a power gain of between 30 and 40 per 
stage, thus giving a gain of over 1,000 in a two-stage unit, 
for a response time of two to three cycles. 


10.22 Setting up Cascaded Half-Wave Amplifiers 


When setting up these amplifiers there are certain requirements 
which must be satisfied. Firstly an unstable triggering action can 


Bg Cinput) 


Load 


First-stage Second -stage 
Figure 10.19. Two-stage half-wave amplifier for push-pull operation, 


occur if the source resistance 7,, is too large, and the critical con- 
dition to give instability occurs when the source resistance is equal 
to the load. 
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Secondly, when amplifiers are cascaded, as in Figure 10.19, it is 
clear that the output from the first stage must occur during the 
flux setting period for the second stage, and it therefore follows that 
the output appears from the second stage when the flux is being 
set in the first. During conduction in the second stage a voltage is 
induced in the control windings of this stage, and if this voltage 
is sufficiently large it could cause one of the rectifier pairs in the 
first stage to become conducting. The control windings of the 
first stage would therefore be coupled to the a.c. windings and the 
flux setting in the first stage would be disturbed. If there were 
sufficiently few turns on the control windings of the second stage 
such an induced voltage would not be large enough to give rise to 
this effect. 

Thus each of these amplifiers, when cascaded and operating 
under the appropriate conditions, should be arranged to have an 
appreciable voltage gain. 

Finally, the bias windings should consist of a few turns of wire 
in series with a large resistance, and since these windings are 
similar to high impedance control windings, the bias rectifiers can 
be disposed of in practice without any deterioration of per- 
formance. 

There are three main advantages of this circuit. Firstly the 
cascading which is necessary due to the low gain is achieved with 
comparatively simple circuitry. Secondly, winding and overall 
construction is relatively easy due to the fact that there are only 
two cores each comprising three coils. Thirdly, a.c. and d.c. 
signals may be superimposed at the input either by simple adding 
or, as is more usual, by means of an extra control winding. This 
latter point is very important when using a d.c. tachogenerator to 
supply velocity feedback from an a.c. motor. A d.c. rate signal 
can be fed back and mixed with the a.c. control. 


10.23 Summary 


The two most useful circuits using transductors in push-pull to 
give a d.c. output are the voltage summing circuit and the magnetic 
summing circuit. The latter is considerably more efficient than 
the former but can only be used when twin load coils are avail- 
able or when the load is centre tapped. 

The magnetic summing circuit is liable to have reduced sensi- 
tivity near the origin due to mutual coupling between the load 
coils ; this may be improved by connecting parallel capacitors 
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across each of the two control windings and also across each of 
the load windings. 7 

The voltage summing circuit has a low efficiency, apprommnroly 
11%, but an amplification comparable with that of the magnetic 
summing circuit. The optimum circuit proportions are not unduly 
critical and the summing resistors are usually about equal to the 
load &,, while the internal resistance r, should not, if possible, be 
greater than one-fifth the load resistance. These proportions strike 
a reasonable compromise between maximum power output and 
maximum efficiency. With this circuit the maximum supply 
voltage can be somewhat higher than that normally used for single 
transductors. The factor by which the supply voltage may be 
increased depends upon the quiescent firing angle and the circuit 
proportions. It varies from unity when this angle is 180° to about 
1-6 when the angle is 90°. 

Transductors with an a.c. output are usually suitable as output 
stages for driving two-phase servo-motors. A push-pull pair 
delivering an a.c. output has a sensitivity of the same order as 
that of a single unit. The supply voltage normally requires to be 
somewhat less than that used for single transductors and is usually 
about 0-6 H,.. 

The time-constant of a push-pull transductor is the same as 
that of a single unit and the additional time-constant of an induc- 
tive load fed from the voltage sumnoe circuit is rather less than 
the load time-constant 

Ly, 
ie 

Half-wave amplifiers can be used in a bridge circuit to give a 
push-pull output, and a number of these amplifiers can readily 
be cascaded to give a useful gain for a fast response. This type 
of amplifier is very suitable to amplify the output from a.c. position 
transmitters to a level suitable for operating a two-phase induction 
motor for position servos. 


Table of Equations derived in Chapter 10 


Voltage Mixing Circuat. 
(2) 90° Quiescent Firing Angle 
; 2 ane “ 
(i) @, = = 
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(ii) Optimum Value of k,= V #,r, (for maximum current). 
(iii) Voltage Uprating Factor 


Re. ev 
(6) 180° Quiescent Firing Angle 


G) Ge : - a 


macadan | Pea 
" By +R, + 4 alr, 
(ii) Voltage Factor K = 1. 
MMF. Mixing Circut (Magnetic Summing). 
2 
Oe eee 
W (Fy 1 fi, /2) 
Transformer A.C. Output Corcurt. 
2 M 1 
ii Gs a =, 
fp +2 B,[N2) N 
Py e R,/N? 
ty, + 2R,/N® 


ca 


WT 


(ii) Voltage Factor K = 
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CHAPTER 11 


LOW LEVEL AMPLIFICATION AND 
MULTI-STAGE AMPLIFTERS 


GENERAL PROBLEMS OF AMPLIFICATION AT Low PowrER LEVELS 


HEN determining whether a magnetic amplifier is suitable 

for a given application there are a number of considerations 
which have to be taken into account. Some factors by themselves 
place a definite limit on the extent to which the magnetic amplifier 
may be applied. For example, the response time of a magnetic 
amplifier cannot be less than one half-cycle of the supply frequency, 
and if the frequency is fixed then this limit is immediately imposed 
quite independently of other considerations. In other cases, how- 
ever, it is often possible to make a compromise between two 
conflicting characteristics. Thus if a highly linear amplifier is 
required, it is generally possible to achieve this by negative feed- 
back at the expense of gain. 

In addition to the dynamic operation of magnetic amplifiers 
discussed in Chapter 8, their zero stability over long periods is also 
a fundamental limitation, and a considerable amount of work has 
been devoted to this subject. This work has been directed towards 
minimizing the effects of drift and developing circuits having 
characteristics which are inherently more consistent over long 
periods of time. 


11.1 Zero Drift and Gain Drift 

In order to understand the basic features relating to drift, let us 
first consider an hypothetical amplifier, the characteristic of 
whichis 4B shown in Frgure 11.la, and imagine that the output 
has been set to a definite value 7, for a fixed control current 7,. 
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After a certain length of time has elapsed it might be observed 
that the output has drifted by an amount 07,, although the control 
current has been maintained constant. This change can occur in — 
two ways, as shown in Frgure 11.la and 11.16. In the first case 


Load current Load current 
St, zie eee Ji, =Gi5lie) 


t 
§ 
t 
¢ 
! 
! 
4 


le Zo 
Control current ™ Contro/ current 
ome a 
4 (a) (&) 
Load current 
oN iver ‘ay (ie) 
~2.0(G;) 
* 


Contro/ current 
ye 


(C) 


Figure 11.1. Diagrams illustrating effects of drift. 
(a) Gain drift. 
(b) Zero drift. 
(c) Combined effect of zero drift and gain drift. 


the change is brought about purely by a change in the slope of 
the characteristic and may be expressed in a general form, thus : 

| Si, = 7,84, ee, w. ale) 
where 67, is the change of load current resulting from a change 
6G, in the current amplification. Ifthe control current is reduced 
to zero, the load current also becomes zero since the drift term is 
proportional to the control current, as may be seen from equation 
11.1 and the geometry of the diagram. 
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In the second case, shown in Figure 11.16, the change occurs 
due to a shift in the zero, the gain having remained constant. Itis 
easily seen from the diagram that if the control current is reduced 
to zero, the load current will not be zero, as it would if no drift 
had occurred, but will have a magnitude equal to that of the 
originally observed drift, namely 67,, which may be generally 
expressed in the form 

$7, = G,d7, - & 4 (12) 


The output may in fact be restored to zero by applying a 
negative control current equal to 57,. 

The two types of drift generally occur together as shown in 
figure 11.1c, and the change in output may be expressed as a 
function of both variables thus : 


SiG 0G AN or. 5. te, or ES) 


The effect of zero drift is therefore precisely the same as that 
of a signal, the only difference being that in the latter case the 
change of output is intentional while in the former case it is 
spurious. ‘Thus if the amplifier is arranged to give zero output, 
any zero drift which subsequently occurs is defined as the input 
which has to be applied in order to restore the output to zero. 

The two important differences between zero drift and gain drift 
may be stated as follows : 


(a) Zero drift gives rise to an error which is independent of and 
indistinguishable from an input signal while gain drift 
produces an error which is proportional to the input signal. 
It therefore follows that the magnitude of the zero drift in 
an amplifier determines the minimum signal which an 
amplifier can be expected to resolve. The occurrence of 
gain drift, on the other hand, places no such limit since the 
error is only a fraction of the signal no matter how small the 
signal is made. 

(6) Gain drift can be corrected by means of negative feedback, 
whereas nothing can be done in this respect about zero drift. 
This may readily be seen as follows, for suppose we have 
any amplifier of gain G to which an input V, is applied 
giving an output V, then 


a a GV 
If the gain changes by an amount 6G then the change of input 
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necessary to ensure no change of output may be expressed as a 
fraction thus : 

OV, oG 

To Ge 
If, however, a proportion H of the output is fed back then we 
have 


G 
 LiLGH 
and the equivalent change of input expressed as a fraction is 

OV, dG 1 
i ae F = ml 


Thus when feedback is used the percentage change is reduced 


Vo V; 


by the factor which becomes smaller as the proportion 


] 
1 + GH’ 
of negative feedback is increased. 

Considering the effect of zero drift, however, if we suppose that 
in the above case the gain remains constant but the output 
changes due to a drift which when referred to the input is equal 
to v, we have 

Vo aes (V, | v)G. 
If a fraction H of the output is fed back then 
Vo =(Vi— BV 4 + 0)G, 


aoe G 
giving Vo = | al (V, { v). 


Thus, whether negative feedback is applied or not, the zero drift 
is still of the same magnitude in relation to the input signal. 

The above considerations show that zero drift is far more 
serious than gain drift since it places a lower limit on the power 
level which the amplifier will handle and its effects cannot be 
reduced by negative feedback. 

Zero drift is of course the same as noise and should, therefore, 
be quoted in relation to the bandwidth ; in the present context, 
however, the serious effects due to zero drift occur at a very low 
frequency which is generally much less than 1 cycle per minute 
and hence, when dealing with d.c. amplification, as is usually the 
case, it is not practicable to sacrifice bandwidth in order to 
improve the signal to noise ratio. 

An amplifier may be arranged with a meter at the output and 
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the whole unit regarded as a measuring instrument where the 
quantity to be measured is the input. Any drift on the output 
will appear on the measuring instrument and may be regarded as 
an error in measurement of the input. The maximum variation 
of gain will then be expressed as the percentage error of the 
instrument and the maximum possible zero drift will be an abso- 
lute error expressed in definite units, e.g. volts, watts, etc. Alter- 
natively, the zero drift is sometimes expressed more artificially 
as a percentage of the maximum output. 

In a magnetic amplifier the zero drift is basically expressible 
as a certain control m.m.f., or more generally as a magnetizing 
field H. It is more usual, however, to consider the drift as an 
input power level ; thus if the basic drift of a given circuit using 
specified rectifiers and core materials is quoted as equivalent to 
a mean control field H,, we have 


where / is the mean length of the magnetic path in the core. 
In addition, the control winding resistance is given by 
8 pb Nz 
en aa “ (section 2.8). 
c 


By combining these two relations the drift in terms of input 
power may be expressed as 


2r 


Spb de. = 
2(8% 6)? Fo x ae oe (oH,)? 
TA, 


— linear dimension x (5H,)? 


and therefore if the circuit, core materials and rectifiers are 
specified the absolute drift in terms of power is proportional to a 
linear dimension of the core. Among the smaller types of instru- 
ment transductor the linear dimensions do not vary by more than 
two or three to one, and the zero drift in terms of power levels is 
therefore often quoted as a constant although, strictly speaking, 
it does vary with the dimensions and, as would be expected, 
becomes greater in high power units. 


11.2 Causes of Zero Drift in Magnetic Amplifiers 


In the case of a single transductor, when no input is applied, 
there will be some standing output, the magnitude of this output 
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being dependent upon the bias conditions and the degree of self- 
excitation. The standing output is liable to drift for a number of 
reasons : 

(a) Variation of supply voltage or frequency. 

(b) Variation of the rectifier reverse characteristics. 

(c) Variation of bias m.m.f. 

(d) Variation of the core characteristics. 

Other effects such as remanence in the cores due to a large 
signal having been applied, thermal e.m.f.s at junctions of 
dissimilar metals, etc., also cause the standing output to change. 
These latter effects are generally small compared with those listed 
above, however, and in fact most of the drift in a single 
transductor unit is due to variation of the supplies or changing 
rectifier characteristics with temperature. Although variations 
of frequency, rectifier characteristics and core also give rise to a 
drift of gain, in the present discussion the input is considered to 
be zero and therefore any drift occurring due to these factors can 
only be nullified by applying a correcting control signal. This 
correcting signal specifies the zero drift, and in the case of a single 
transductor it will be between 10-° and 10-7 watt, depending on 
the extent to which the power supplies are stabilized, and the 
materials used for the core. 

No improvement is obtained by balancing the standing output 
against a fixed supply unless the balancing is achieved by means 
of a supply which tends to vary with temperature and voltage in 
the same way as the transductor output ; in this case it is usually 
possible to achieve some degree of compensation. Probably the 
most effective way of achieving this is to use two transductors in 
push-pull operation as described in Chapter 10. If this is done 
the standing output is reduced to zero. It must be remembered, 
however, that it is given by the difference between two zero 
errors which are both dependent upon rectifier characteristics and 
therefore, unless the rectifiers drift by similar amounts, the 
difference between the two individual outputs will vary. 

Supply voltage variations tend to affect both transductors 
similarly, and so also do bias variations. The resulting drift from 
these causes is therefore considerably reduced due to the com- 
pensating effect of one on the other. It is worth noting, however, 
that a variation of gain of either transductor can cause a zero drift, 
since variation of the gain will vary the effect of the bias and hence 
the balance point. 
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The push-pull arrangement is much more satisfactory than the 
single transductor and is generally expected to have a zero drift 
of between 1078 and 10~-° watt for +. 10% variations of supply 
voltage and frequency up to supply frequencies of the order of 
1 Ke/sec. No definite information is available at higher supply 
frequencies, but in view of deteriorating rectifier performance and 
increased iron losses, leading to increased standing currents, the 
zero drift generally increases appreciably with the supply 
frequency. 

Many of the causes of zero drift in transductors are not yet 
fully understood, but the foregoing remarks will have shown that 
a significant part is played by the standing output which exists for 
zero input ; this output may be regarded as a zero error and it 
arises because even when the cores are unpolarized, the trans- 
ductor has a finite impedance due to the unsaturated reactance 
X wy of the a.c. windings. 

In a push-pull amplifier, two transductor outputs are sub- 
tracted after each zero error has been subjected to rectification. 
The stability of the zero will depend upon the magnitude of the 
error, which will in turn depend upon the amount of drift occurring 
in the rectifiers. 

If there were no zero error then zero drift from this cause 
would be absent and changing rectifier characteristics would 
merely give rise to drift of the gain. It therefore follows that better 
zero stability is achieved with core materials for which the un- 
saturated reactance is large and iron losses are small since both 
these effects govern the magnitude of the standing current. 


11.3 Use of Even Harmonics to Obtain Improved Zero Stability 


A large number of applications which are ideally suited to 
magnetic amplifiers require a zero stability which is one or two 
orders better than 10-° watt. In such applications it is usual to 
employ a pre-amplifier which has a better zero stability than is 
obtainable with the orthodox circuits. ‘This enables one to amplify 
the signal to a value well above the drift level of 10-° watt before 
applying it to the input of a push-pull magnetic amplifier circuit. 
The problem is therefore to use a circuit having a good zero 
stability and sufficient amplification to improve the signal/drift 
ratio by an appreciable amount. ‘Transductor circuits to do this 
are available and operate by using the even harmonic components 
in the core m.m.f.s. 
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lt has already been shown in Chapter 3 that the output voltage 
e, from a transductor contains odd harmonics only and, further- 
more, that in practice this output is always finite (although small) 
even if the cores are perfectly matched and not polarized with a d.c. 
signal. It was also shown in Chapters 2 and 3 that the waveform 
of the control current for an unself-excited transductor contains 
even harmonics in addition to the direct component. By utilizing 
these even harmonics it is possible to use the transductor at lower 
power levels either as a magnetic amplifier or as a magnetic 
modulator to be followed by an electronic amplifying system. The 
former are discussed in this chapter and the latter in Chapter 12. 
Before discussing the various possible arrangements, however, 
the basic properties of such a system will be discussed. 


' loNNe 


Figure 11.2. Basic magnetic modulator circuit. 


In the transductor circuit of Figure 11.2, the a.c. supply voltage 
is assumed to be sinusoidal and we shall consider the voltages e, 
and e, which appear across each pair of windings when the cores A 
and B are polarized with signal ampere-turns 7,.V, and — 7,N,. 
The windings on the left wil! be termed the pick-off windings. 
These are connected in opposition relative to the a.c. windings 
and are in fact magnetically coupled to the control windings 
which are not shown. ‘The latter, however, are assumed to be in 
series with a high impedance so that the coupling between these 
coils and the pick-off coils does not affect the alternating voltage 
é,- The only function of the control windings is therefore to supply 
both cores with a steady direct m.m.f. depending upon the magni- 
tude of the direct control current 2,. Ifthe control current varies 
then the mean value of the voltages e, and e, considered over one 
half-cycle will vary correspondingly due to saturation of the cores. 
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Thus the system may be regarded as a magnetic modulator 
whereby the alternating voltages e, and e, are modulated by the 
input z,. Ifthe voltages e, and e, are considered at any instant t’ 
and then again one half-cycle later at ¢’ + 7/2, it is shown in 
Appendix 11 that the following relations apply : 


eé,(t’) = — et’ + 71/2) » . . (11.4) 
and eq(t’) =e,(t’ + T/2) ~ . . (11.5) 
where e(t) is the instantaneous value of e at time f. 
It is also shown that if the control current is zero then 


e, =2N, Patoen) . o. . (11.6) 


and e, =0 os ot 


It is assumed that the supply is sinusoidal, that the cores and 
the coils in one pair are identical and that the magnetization curve 
is expressed in the form ¢ = &(F). 

Now, since ¢’ can be given any value, the relations defined by 
equations 11.4 and 11.5 apply at all times, and they state that the 
voltage e, contains only odd harmonics of the supply frequency 
while e, contains only even harmonics. 

The circuit may be used as an odd harmonic device as in the 
case of the transductors so far described, in which case the output 
is governed by the voltage e,, or as an even-harmonic device in 
which the output is given by e,. 

If the two alternative arrangements are compared, the following 
important differences may be noted. 


(1) The effect of zero control signal may be seen from equa- 
tions 11.6 and 11.7, which show that although the cores 
are perfectly balanced the odd harmonic output is finite 
and dependent upon the core properties. The even har- 
monic output, on the other hand, is zero for zero control 
signal, and hence, provided the cores are matched, the output 
is independent of the core properties. 

(2) The effect of reversing the sign of the control current is 
also shown in Appendix 11. Itis seen that the odd harmonic 
voltage e, is the same whether the control current is positive 
or negative, whereas the even harmonic output e, undergoes 
a phase reversal when the input changes sign. 

Thus the even harmonic output exhibits no zero error and is 

sign conscious regarding the input while, as we have already seen, 


314 


Low Level Amplification and Multi-Stage Amplifiers 


the odd harmonic output exhibits neither of these characteristics, 
both of which can only be produced after rectification by means 
of one of the summing circuits described in Chapter 10. 

In the ideal case, therefore, even harmonics can only be present 
when the core is asymmetrically excited, and asymmetry can be 
produced only by d.c. polarization. Thus, since ideally there is 
no zero error, there can be no zero drift. Iftemperature variations 
affect the components this can only cause gain drift which will 
give an error proportional to the input. Consequently the even 
harmonic output device will be responsive to any signal however 
small. 

In practice the ideals are not fully realized, mainly due to 
imperfect matching; but even harmonic transductors are 
considerably less liable to zero drift than those discussed so far, 
and there are a number of ways of using the basic circuit, each 
one designed to have particular features. 

In the present context the use of the circuit as a magnetic 
amplifier is very important and such an amplifier employing even 
harmonics will now be described in detail. 


THE Even-Harmonic Transpuctor “1!” ® 
11.4 General Description 


In the even-harmonic transductor the load FR, (figure 11.3) is 
not connected in series with the a.c. coils (a), but with pick-off 


windings (d) which are geometrically disposed on the cores in the 
same way as the control windings (c). If the cores (A) and (B) are 
exactly matched, then when the control current 7, is zero no current 
flows in the pick-off coils no matter how large the supply voltage 
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is made, since any e.m.f. induced in the coil on core (A) is exactly 
opposed by an equal e.m.f. in the corresponding coil on core (Bb). 
When the cores are polarized with a d.c. signal, however, asym- 
metry is introduced, and it will be shown how this gives rise to 
an output current in the load R,. 

—|——e0 


D 
> 


o 
S 
= 
| 

| 


RAN 
o 
L | 
~¥ 


Go 
&> 
| 
| 


—» Load current t; mA (Curve a onty) 


"ian i Semen 


rave! 
current microamps. (Curves 6,¢, a aide) 


7-0} eeaea 
= ae eee Seen Lay, 
Oo = 7 iz cS 
F. —» Contro/ mmf (ampere-turns) Curve @ 
0 z 4. & & 10 IZ 


FE. —»Contro! mmf (milliampere-turns) 
Curves b,c,d ande 


Figure 11.4. Control characteristic of even-harmonic transductor. 


(a) Typical curve of direct load current plotted against control m.m.f. 

(6) Observed values of curve (a) near the origin with zero load capacitance. 
(c) Observed values of curve (a) near the origin with zero load resistance. 
(2) Normal characteristic [curve (a) within the rectangle P}. 

(e) Calculated characteristic corresponding to curve (d). 


An inductance ZL, is placed in series with the control windings 
to prevent even-harmonic currents flowing in these windings and 
thus to confine them to the pick-off circuit. At the same time the 
d.c. resistance of the control windings is maintained at a low 
value. Balance of the system is achieved by adjustment of the 
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cores and by varying the value of 7,, which is a high resistance 
(usually of the order of 0-1 megohm) placed across one or other of 
the a.c. coils. 

The total a.c. circuit resistance &, must be sufficient to 
safeguard the windings from excessive currents when the cores 
are saturated. A rectifier D is placed in series with the load, and 
a capacitor C’, in parallel with the load. 

If the mean value of the direct load current is plotted against 
the control m.m.f. a curve of the form shown in Figure 11.4a@ is 
obtained, and the power gain which can be obtained from such a 
unit is of the order of 1,000. 

The device is generally employed as a highly sensitive first stage 
of amplification, and interest is usually centred on the charac- 
teristics within a small rectangle P at the origin in Figure 11.4. 
The characteristic within such a rectangle is replotted as curve (d) 
to expanded ordinate and abscissa scales. The other curves are 
referred to in section 11.6. 

It will be seen immediately that the control ratio is very much 
larger than that which has hitherto been applicable to trans- 
ductors. At the same time the standing current for zero signal is 
two or three orders smaller than the usual value. 

In order to examine this circuit, the following assumptions will 
be made. Firstly that the magnetization characteristic of the 
cores is given by three straight lines (see /igure 3.1c). It will also 
be assumed that the cores are exactly balanced, that the rectifier 
reverse impedance is infinite, and that a.c. components are 
completely eliminated from the control windings so that these 
windings have no effect on the performance beyond polarizing 
the cores with a constant and unidirectional magneto-motive 
force 7,N,,. 

With careful balancing it is possible in practice to reduce the 
a.c. components in the control and pick-off windings to a very low 
value in the absence of a d.c. signal. The magnitude of the 
residual current corresponds to an m.m.f. in the order of 10-2 
ampere-turns/metre, which is three or four orders lower than that 
normally associated with transductors. Correct balance of the cores 
is one of the underlying requirements for successful operation of 
this type of transductor. 


11.5 Mode of Operation 
In the even-harmonic transductor, both cores are driven well 
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into saturation by making the supply voltage large. This means 
that when the control m.m.f. is zero both cores are unsaturated 
over the first part of the voltage cycle ; over the rest of the cycle 
both become saturated. Ifthe cores are polarized, however, there 
is a short interval during each half-cycle when one is saturated 
and the other unsaturated ; this will be made clearer by tracing 
the events over one whole cycle of the supply voltage. Referring 
to Figure 11.3, over the first part of the cycle when both cores are 
unsaturated we have : 

Total m.m.f. in core A = F,+ F,+ F, = F, + F, ampere- 

turns since /, = 0. 
Total m.m.f. in core B = Ff, — F, — F, = F, — F, ampere- 
turns since f’, = 0. 
If the m.m.f.s are increasing, core A will saturate before core B, 
the latter having 2./, ampere-turns less than core A and therefore 
at the instant t,(4) (figure 11.5a) when core A becomes saturated 
the flux in core B is short of saturation by 2/',/S where S is the 
core reluctance. During the interval when core A alone is 
saturated, a current 7, flows in the pick-off coils and supplies a 
reverse m.m.f. fF, =1,N,; this current is permitted to flow by 
the rectifier D. Now core B will not saturate until the flux has 
changed by an amount 2F',/S, which will be equal to the voltage- 
time integral referred to the pick-off windings and considered over 
the conducting period of 7,. 

During the conducting period the capacitor C, is charged, but 
when core B becomes saturated at ¢,(B) the capacitor discharges 
slowly through Rk, since the rectifier does not allow reverse 
currents. When desaturation occurs a small negative voltage 
pulse is induced across the pick-off coils, but this does not cause 
any current 2, since the rectifier prevents current in this direction. 
Therefore nothing further occurs until the following half-cycle, 
when the m.m.f.s for cores A and B are given by (— F, + F,) 
and (— #,— F,) respectively. This time core Bb becomes 
saturated before core A at t,(A4) + 7/2 and an e.m_f. is induced in 
the pick-off coil on core A. This e.m.f. is in the same direction as 
that obtained previously, since the cycle is of reversed sign and 
the winding direction is also reversed. Therefore a current pulse 
again flows and the load capacitor is recharged. 

Thus energy is transferred from the power supply to the load 
circuit for a short period in each half-cycle, and, as in the case of 
the auto-excited transductor, the time over which this takes place 
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is governed by the magnitude of the d.c. signal. Over the period 
when only one core is saturated the equivalent circuit is as shown 
in Figure 11.5b. If the capacitor C, werejabsent the energy 
transferred would be very small due to the poor matching between 
the high impedance load and the comparatively low impedance 
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Figure 11.5(a). (i) Diagram showing waveform of voltages applied to windings 
of even-harmonic transductor, 
(ii) Load voltage. 


(6). Cireuit of even-harmonic transductor applicable to conducting 
period B = tg(B)-t,(A). 

supply. In the present case, however, energy is stored in the 
capacitor during the conducting period, and if the capacitance is 
sufficiently large considerably more energy can be stored than 
could be dissipated in the load over the same period. ‘The energy 
stored in this way is discharged into the load during the quiescent 
periods. Thus the mechanism is that of pulse lengthening, and 
brings about the greatest improvement when the conducting 
period from ¢,(A) to ¢,(B) is short, that is when the input signal is 
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small. Since our present interest is confined to a low-level ampli- 
fier having the maximum possible gain, the smoothing capacitor 
plays a very important part in making the even-harmonic trans- 
ductor a useful amplifying device. 

A paper on this circuit has been published and an analysis of 
the circuit is given in Appendix 12. It is shown that, provided the 
load capacitor C, is greater than a certain limiting value, the 
current amplification is given by 
t, Qo .. _ oll EBs. 


i wre + 00) =| / oo... (11.8) 


where M,, is the mutual inductance between the control windings 
and the pick-off windings, and 7, is the output impedance, com- 
prising the resistance of the pick-off coils and the forward resistance 
of the rectifier D, thus 


t= ee Ts 

This expression for the current gain (equation 11.8) will be 
denoted by G; (max) since it is the maximum possible gain which 
would be obtained if the series inductance L, were indefinitely 
large, thereby completely eliminating even harmonics from the 
control circuit, otherwise the actual gain G', is some fraction of 
this, depending upon the magnitude of L, (see section 11.13). It 
should be noted that if the signal polarity is reversed, the pulses 
of e.m.f. in the pick-off circuit during conduction are of reversed 
polarity. Flow of current 2, is therefore blocked by the rectifier 
(Figure 11.56) and the capacitor will not charge. This circuit 
therefore has a very low gain for negative signals. 

The expression for the current amplification is very similar to 
that found for the auto-excited transductor with capacitor 
smoothing. In the present case, however, the load is associated 
with the pick-off circuit, and the constants of this circuit, 
ie. M5, Tay, etc., replace the corresponding constants for the a.c. 
circuit with the auto-excited or self-excited connections (see 
equation 6.14). 

It is seen from equation (11.8) that if the input level is low, 
giving only a small conducting period f, then the current amplifi- 
cation is given by 

G, (max) a ON i: ar &. GEIZ9) 
Tt Ps 
In the present case our interest is likely to be confined to low 
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input levels and very seldom, if ever, will the output approach 
more than a small fraction of its maximum possible value. It 
follows, therefore, that equation 11.9 gives a realistic estimation 
of the current gain under normal operating conditions. 


PracticaL Factors INFLUENCING CURRENT AMPLIFICATION 


In order to explain many of the results obtained with the even- 
harmonic transductor, the current amplification expression 
given in equation (11.8) will be written in the form derived in 
Appendix 12 thus : 


G, (max) = - = 


wT sy ve fy, 
l on ee 
is a ae ame Ge. . (11.10) 
where 7,, is the control current necessary to saturate a core ; the 
factor K defines the mean supply voltage H, such that 


by 
—-=a- >] & as & “hh 
as 
and w is a factor which tends to unity as the a.c. circuit resistance 
f, tends to zero (equation 7, Appendix 12). 


11.6 The Load Capacitance 


The behaviour of the even-harmonic transductor is very 
dependent upon the load capacitance, but the performance varies 
with C, only up to a limit, after which no further improvement 
is obtained by further increase of the value of C,. This limiting 
value corresponds to infinite capacitance for which case equa- 
tion 11.10 is applicable. 

If the capacitor were absent the current amplification would be 
given by 


G, (max) =< eS » o. Cl) 


(see equation 3, Appendix 12) 
and therefore by comparison with equation 11.9, for small input 
signals the effect of the capacitor is to increase the amplification 
Ry, a Vs, 
UP 
It is also interesting to note from equation 11.12 that if the 
load resistance is zero the current gain is comparable with that 
obtained for small signals when using a capacitor and a normal 
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load resistance (equation 11.9). If the load resistance is zero, 
however, although the current gain is high there is no useful 
power gain. 

A typical experimental characteristic for the case when C, = 0 
is shown in curve (0) of Figure 11.4, and a similar characteristic 
when &, also is zero is shown in curve (c). The latter should be 
compared with curve (d), which is the characteristic over the 
working range using a normal value of load resistance and the 
limiting value of capacitance. These curves are taken for a 
mumetal-cored transductor,* and curve (e) is derived by calcula- 
tion from equation 11.9, taking a value for p of 27 x 107? M.K.S. 
units (5 x 104 C.G.S. units). 

The limiting value of load capacitance must be such that no 
appreciable discharge takes place during the quiescent intervals 
which are of duration (7/2 — f), and since the conducting period f 
is usually small, the time-constant of the load circuit must be 
something greater than one half-period, ie. | 


T 
LC, > 9 


I 
| oF 

In the practical example chosen and illustrated in Figure 11.4 
the supply frequency is 50 cycles per second and, for a load of 
2,000 ohms, the limiting capacitance is 4uF. 

Although the capacitor C, gives greatly increased amplification 
it also causes a certain amount of non-linearity. This is shown in 
equation (11.10), where the gain is seen to be dependent upon the 
control current. As the control current increases the gain is 
reduced ; this is shown experimentally in Figure 11.6. Curve (a) 
shows the gain as a fraction of its maximum value plotted against 
the d.c. m.m.f. when no capacitor is used, while curve (6) shows 
the effect of a smoothing capacitor on the linearity. The slight 
non-linearity arising in curve (a) is probably due to the per- 
meability of the cores not being constant but decreasing slightly 
with control current. It should be noted, however, that although 
the gain is reduced by a factor of 2 over the range shown, this 
range is considerably larger than the normal working range which 
is defined more typically in Figure 11.4. 


* The experimental conditions under which the curves were obtained corre- 
sponded to the case of infinite control circuit inductance obtained by using an 
inductor many times larger than would normally be acceptable. 
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Figure 11.6. Reduction of current gain with increasing input. 


(a) Cy, = 0 R, = 2200 ohms. 
(6) C = 4yF R&R, = 2200 ohms. 


11.7 Resistance of the Pick-Off Windings 


For small input signals the current amplification is inversely 
proportional to the resistance of the pick-off windings, including 
the rectifier forward resistance. In order to obtain a high gain, 
therefore, these windings should be designed to have a minimum 
impedance for a given number of turns; this implies that the 
pick-off windings should occupy a large proportion, usually at 
least one-half, of the total winding space available. The depen- 
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Figure 11.7, Curve showing the relationship between current gain and interna 
resistance 7, for an even-harmonic transductor. 
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dence of gain on the internal resistance is shown in Figure 11.7 
where the internal resistance r, is plotted against 1/G;. 


11.8 Effect of Load Resistance KR, 


According to the previous remarks, the current amplification is 
independent of the load resistance provided the input signal is 
very small. As the load resistance increases, however, the 
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Figure 11.8. Current gain plotted against load resistance for even-harmonic 
transductor. 


characteristic becomes less linear for a given control current, as 


5 tbe, 
is shown by equation 11.10. Thus if the ratio —” is increased 


by a factor of 10, the control current must be reduced by the same 
factor in order to restore the gain to its original value. 
The linearity is determined by the factor 


CF ee, 
Qiu K <r, 
which should be much less than unity, and clearly too large a load 
resistance does not help to give this condition. 


. Kz. . 
In practice, the ratio ao is usually chosen to be about 15 ; this 


x 


is found to give acceptable linearity and a reasonable power 
amplification. A typical curve showing the relationship between 
load resistance and current amplification is shown in Figure 11.8 ; 
this curve shows that from &, =0 to R, = 3,000 ohms the 
change of gain is only 6%. 
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11.9 Effect of Mutual Inductance and Supply Frequency Variations 


It is clear from the discussion in section 11.5 that for a high 
current gain the mutual inductance M,, must be large. For a 
given number of turns, this is governed primarily by the core 
permeability, and hence a high permeability material is desirable. 
Other factors enter into this problem, however, which are not 
accounted for in the analysis, and one of the most important of 
these is iron losses. The effects of the latter increase with fre- 
quency, and both the balance of the cores and the gain deteriorates. 


= r 


Figure 11.9. Curve showing effect of contact potential on rectifying 
in action even-harmonic transductor. 


Thus although the gain is proportional to the frequency (equa- 
tion 11.9), these secondary considerations generally limit the 
maximum practicable supply frequency to about 1 Ke. for 
mumetal-cored transductors of this type. 


11.10 The Rectifier and Core Balance 


In the analysis it was assumed that the rectifier characteristic 
was discontinuous at the origin. In practice, however, a high 
resistance also tends to be maintained for very small positive 
voltages and a better representation is given in Figure 11.9, where 
the voltage e, appearing across the pick-off windings is plotted 
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against the resulting current 1, which flows through the rectifier. 
It is seen that in the example given the voltage pulses e, due to 
a signal 7, must increase to a value OX before the rectifier conducts 
and allows any charge to flow into the capacitor. This means that 
for very small input signals the device will not operate and it 
becomes necessary to supply some form of bias to the pick-off 
circuit in order to enable the rectifier to operate for the smallest 
values of input. This immediately imposes a lower practical 
limit on the zero stability since it becomes dependent upon the 
bias and drift of the rectifier characteristics near the origin. 

The positive cut-off voltage OX is normally termed the contact 
potential, and in practice it is necessary to unbalance the cores 
sufficiently to overcome this contact potential and thereby intro- 
duce the appropriate bias for the rectifiers. The voltage appearing 
across the pick-off windings as a result of this unbalance contains 
the fundamental and odd harmonic components of the supply 
frequency and the unbalance is produced by means of the resistor 
7, shown connected across one of the a.c. windings in /2gure 11.3. 

The odd-harmonic bias voltage is shown in Figure 11.9; it 
normally occurs as alternate pulses which appear at the instant 
when the cores saturate. In practice, the effect of a positive signal 
is then to increase the positive pulses and to decrease the negative 
pulses, while a negative signal reduces the positive pulses and 
increases the negative ones. Increased negative pulses do not 
charge the capacitor C’,, however, due to the high rectifier resist- 
ance and therefore, as shown previously, the even-harmonic 
transductor will not respond to negative signals. 

Thus it is seen that unless the rectifier exhibits no contact 
potential effect there is no virtue in having perfectly matched cores 
and that improvements to core materials are only of value pro- 
vided the rectifier is capable of operating at a lower level than that 
imposed by existing core materials. It should be noted, however, 
that interest is now centred on zero errors considerably smaller 
than those normally encountered with auto-excited transductors, 
and therefore, although this type of transductor exhibits a stand- 
ing current, its magnitude is two or three orders lower than that 
of a conventional transductor, as is clearly shown by Figure 11.4. 

Apart from these effects, variation of the rectifier reverse 
resistance affects the gain due to the fact that some of the charge 
in the capacitor C, leaks away through the reverse resistance 
during quiescent periods. In a typical example employing 


326 


Low Level Amplification and Multi-Stage Amplifiers 


selenium rectifiers it was found that by placing a resistor in parallel 
with the rectifier and equal to its reverse resistance, the current 
gain was reduced by a factor of approximately 0-7. 

Klectronic diodes give unsatisfactory performance in this circuit 
due to the cathode current which flows for zero anode voltage. 
This current flows in the pick-off windings and produces a large 
amount of polarization giving rise to a large output for zero 
control current and poor zero stability. 


11.11 Mean Supply Voltage 

The magnitude of the supply voltage #, determines the 
stability and linearity of the characteristics. In the analysis of 
the circuit the gain was found to depend upon the non-linear term 

V, (< : 
Qi ,urs/K —1\ 1, 

which occurred in the denominator of equation 11.10. Provided 
this term is small, it may vary without appreciably affecting 
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Figure 11.10. Curves showing the effect of variation of supply voltage on the 
gain of the even-harmonic transductor. 


a) Variation of gain when using a load capacitance. (Left-hand ordinate scale.) 
b) Variation of gain when C; = 0. (Right-hand ordinate scale.) 

c) Curve showing variation of output gain when using a tuned control circuit. 
d) Curve obtained without tuning and corresponding to curve (q). 
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the linearity. It has already been shown how the load resistance 
and control current influence the linearity, and it may be seen 
that since 
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the supply voltage also will govern the magnitude of the non- 
linear term. 

The factor K must be greater than unity, otherwise the cores 
will never be saturated and the transductor will not operate. 
Also, if K is only slightly greater than unity the non-linear term 
will be large and the gain will be very dependent upon supply 
voltage. It is thus necessary to drive the cores well into saturation 
in order to make K large and the gain independent of supply 
voltage variations. 

Figure 11.10a shows how the gain depends upon the supply 
voltage when a load capacitor is used, but in curve (b) it is seen 
that when this capacitor is zero the gain is virtually independent 
of supply voltage for values of k > 1. In the former case the 
factor K requires to be about 4 to make the gain reasonably 
stable. 


11.12 Tuning the Control Windings 

The current amplification can be increased by a factor of 1-5 to 2 
by tuning the control windings with a small parallel capacitor 
(shown dotted in Figure 11.3). The necessary value of capacitor 
is critical and has a curious effect on the supply voltage regulation 
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(a) Supply voltage E,sinat. 
(6) Voltage pulses eg without tuning of control windings. 
(c) Voltage pulses eg with tuned control windings. 
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curve. The effect has not been completely explained, but a typical 
curve obtained is shown in Figure 11.10c ; curve (d) is for com- 
parison and is for similar conditions to those of curve (a). It is seen 
that over the working range the gain is increased considerably 
and that for lower values of supply voltage large oscillations of 
sensitivity occur. For low values of supply voltage these oscilla- 
tions are large and hence under these conditions stable operation 
is not obtained due to the dependence of the gain on the supply 
voltage. 

The effect of this tuning also appears in the waveform of the 
voltage pulses e, applied to the load circuit. In the absence of 
tuning, the output pulses are of the form shown in Figure 11.116, 
but if the control windings are tuned a damped oscillation occurs 
immediately after the output pulse as shown in Figure 11.11c. 
The value of the tuning capacitor should be such that its natural 
period of oscillation with the inductance of the control windings 
is less than the time ¢,(A). For small signals this corresponds to 
the duration of the unsaturated period, which will be one-sixth 
of the total period if the supply voltage factor K = 4. 


PowrER AMPLIFICATION AND ‘TIME-CONSTANT OF 
EVEN-HARMONIC 'TRANSDUCTORS 
As in the case of the conventional transductor circuits, the 
useful power amplification is defined as 
load resistance 


(mean current gain)? . - 
input resistance 


As before, the power gain and the time-constant are closely 
related, as will be shown in the following sections. 


11.13 Series Inductance in the Control Circuit 

If the control circuit impedance were very low, then a large 
proportion of the even-harmonic currents would be dissipated in 
the control circuit with the result that the overall amplification 
would be considerably reduced. If, on the other hand, the control 
circuit resistance is increased, much of the energy in the control 
source is uselessly dissipated in this series resistance. ‘The inclu- 
sion of an inductor L, in series with the control circuit prevents 
the high-frequency components from flowing in the control circuit, 
thereby confining them to the pick-off circuit. The impedance of 
the control circuit to low-frequency signals, on the other hand, 
is still maintained at alow value. As the signal frequency increases 
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the inductance presents an increasmg impedance to the control 
voltage, thereby reducing the control current. ‘The required value 
of the series inductance ZL, is therefore dependent upon the overall 
gain/bandwidth requirements of the amplifier. 

The factors which influence the design of the inductor are 
complicated by the following considerations : 


(a) The high-frequency components in the control circuit can 
cause appreciable iron losses in the inductor. 

(b) The self-capacitance of the inductor windings will introduce 
appreciable errors due to these high-frequency components. 

(c) The signal current in the d.c. windings will tend to polarize 
the inductor. 


Under the ideal conditions assumed in the analysis all even- 
harmonic components are blocked from the control circuit for 
which L, would require to be infinite. Under these conditions the 
useful power gain is given by 


R 
G., (max) = [G, (max) —*~— 

p (max) = [G, (max)? 5-1 
where 7,,, is the resistance of each control winding, and 7, that of 
the inductor. As the inductance of DL, is reduced, however, the 
effective power gain decreases because an increasing proportion 
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of the energy in the pick-off circuit gets dissipated in the control 
circuit. The required value of the series inductance L, is depen- 
dent only on the total inductance of the control windings measured 
under d.c. conditions (i.e. with the a.c. supply switched off). The 
curve in Fagure 11.12a shows the actual gain G, plotted as a frac- 
tion of its maximum value G', (max) against the inductance ratio 
L,/2L. Here it is seen that when the series inductance is equal 
to four times that of the control windings the power gain is 0-7 of 
its maximum, thus under these conditions 


Ky, 
G, aa) ()*7 [G(max) |? 2, Tr, 
where G, (max) the ideal current gain is defined either by equa- 
tion 11.9 or 11.10. 


11.14 Time-Constant 


The even-harmonic transductor itself has very little inherent 
time lag. This is because the cores are completely saturated during 
most of the cycle and therefore the control current can increase 
practically instantaneously during the saturation interval, since 
it is not accompanied by flux changes. Unfortunately, however, 
the series inductance L, introduces an appreciable delay which is 
in general somewhat longer than that obtained with an equivalent 
transductor. ‘Therefore the time-constant 7, will be equal to 
Loh. 

The optimum value of Z, is that which gives the maximum 
power gain for a given time-constant. Thus it is required to know 


G 
—? as a function of Z,, 
ta 


Gy Gy 
where — a cian 


If the control circuit resistance is maintained constant then since 
G, (max) and J,,, are also constant the ratio: 

power gain/time-constant 
CW 


(max) 


G G,,/G 
thus = is proportional to 19 
This ratio is plotted against Z,/2L,,, in Figure 11.126 where the 
optimum value of L,/2L,, is somewhere between 3 and 4. The 
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time-constant of an even harmonic transductor operating from a 
50-c/s supply and having a power gain of 500 is found to 
be of the order of one second, which is about four times as long as 
that of an orthodox transductor operating under similar condi- 
tions. 

If a shorter time-constant is desirable in order to give increased 
bandwidth, then this may be achieved by reducing the inductance 
L, and hence the gain. 

The additional time-constant due to the load and smoothing 
capacitor is of course in cascade with the transductor time- 
constant 7;. 


11.15 Comparison with Orthodox Transductors 


It will by now be appreciated that in many respects the even- 
harmonic transductor is closely similar to the conventional auto- 
excited transductor. This is suggested by the form of the current 
gain equations and the modification introduced by the smoothing 
capacitor. 

In the case of the orthodox transductor, the two cores are never 
both saturated in the same half-cycle, and this gives rise to a flux 
time-lag as described in Chapter 3. The time-lag introduced in 
this way increases the power amplification. In the even-harmonic 
transductor both the cores are saturated together for a part of 
each half-cycle and the time-lag is therefore one half-cycle of the 
supply with a correspondingly reduced gain. The time-constant 
is increased in the present instance by the additional series induc- 
tance, which is nevertheless necessary to give a correspondingly 
greater power amplification. 


PusH-PuLt Crrcvuits FoR Even-HARMoNIC TRANSDUCTORS 


11.16 Centre-Tapped Load 


One circuit capable of giving a push-pull output is shown in 
Figure 11.13. In this case the load must be centre-tapped, one- 
half of it operating for positive signals and the other half for 
negative sionals. The gain stability of this circuit is about the 
same as that of the single output circuit and the zero stability is 
somewhat better. The circuit is suitable as a first stage for a 
sensitive magnetic amplifier. The following stage may be a 
conventional transductor amplifier with centre-tapped control 
windings. | 
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Since, for a given sign of signal, one-half of the load is quiescent, 
the operation is essentially that of a single unit. 

Final balance of the circuit may be achieved by means of the 
small presetting potentiometer P shown in Figure 11.13. 


Figure 11.14. Push-pull circuit using balanced rectifier. 


11.17 Balanced Rectifier Circuit 


The push-pull circuit shown in Figure 11.14 is similar to that 
of Figure 11.13, but the zero-stability is appreciably better 
than the centre-tapped arrangement ; the power gain, on the 
other hand, is somewhat reduced. 

Two conditions are necessary for the correct operation of this 
circuit. Firstly, the voltage pulses e, must be carefully adjusted in 
relation to the non-linear characteristic of the rectifiers near the 
origin in order to give maximum sensitivity. Secondly, if the 
signal direction causes the capacitor C', to charge up via rectifier 
(1), the voltage levels must be such that appreciable discharge 
cannot occur via rectifier (2) in the following quiescent period. 
These two points will now be considered separately. 

The characteristic of the parallel rectifier combination is shown 
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in Figure 11.15a. For zero signal the two cores require to be 
unbalanced so that fundamental components of the voltage e, 
appear across the pick-off windings. The voltage pulses applied 
to the rectifier will be equal to e, — e,, but since e, is small these 
pulses are given very nearly by e,, as shown in Fagure 11.15a 
and plotted to a vertical time scale. The resulting current 2, 
which is plotted on the abscissa axis to a horizontal time scale 
contains no d.c. component. Ifa signal is applied, even-harmonics 
appear in the waveform of e, as shown in Figure 11.15b, and 


—» Voltage applied 
to rectifier 
= eq 


(a) 
Figure 11.15. Diagrams showing operation of balanced rectifier circuit. 


(a) At zero signal. 
(b) Effect of asymmetry produced by a signal. 


although the waveform is unsymmetrical it should be noted that 
it contains no d.c. component. The resulting current now exhibits 
a d.c. component, however, due to the unsymmetrical operation 
of the rectifier near the origin. ‘The direction of the d.c. compo- 
nent depends upon the signal direction since the latter determines 
whether it is the positive or negative peaks of e, which increase. 
Thus the pulses of voltage e, which exist for no signal require to 
be carefully adjusted in relation to the rectifier characteristics 
to give maximum sensitivity for the smallest control signals. 

The second point, relating to discharge of the load capacitor, 
may be considered by referring back to the circuit in Migure 11.14. 
When a voltage pulse appears across the pick-off windings, the 
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forward voltage tending to drive a charging current through 
rectifier (1), for example, is given by 
Cp == Ca a Cy, 

and during the following quiescent period the reverse voltage 
across rectifier (1) is equal to e,. This reverse voltage acts in 
the forward direction for rectifier (2), however, and therefore a 
certain amount of discharge can occur through this rectifier and 
the pick-off windings. Now, since the rectifier resistance is actually 
a function of voltage, it is important to ensure voltage levels such 
that the forward resistance of rectifier (1) during charging periods 
is small and the forward resistance of rectifier (2) during the 
following quiescent periods is large. 

If it is assumed that the rectifier forward resistance is related 
to the voltage e, by an expression of the form 

Pre hee. 
during charging periods the forward resistance of one rectifier is 
given by 
r, (charge) = k(eg — ¢,)™ 

and during the following quiescent period the forward resistanee 
of the other rectifier is 


r, (discharge) = ke;” 


Zn (sCnree) ee ce 


therefore ee) ee 


Cr 
for satisfactory operation this ratio should be large compared with 
unity for which it is required that 


eg > 26, 
and n> 1, 


Satisfactory performance is therefore governed by the level to 
which the voltage pulses are adjusted. In addition the material 
used for the non-linear element must be such as to give a large 
value for n which implies that the slope of the characteristic must 
change very rapidly near the origin. 

If the signal polarity is reversed the two rectifiers exchange 
their operation and hence they must have the same characteristics. 

The combined characteristic of two metal rectifiers is sym- 
metrical and can be produced by a single silicon carbide resistor 
which should give better zero stability since differential drift in 
the two rectifiers is eliminated. Silicon carbide elements, however, 
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give lower sensitivity and in general the parallel rectifier arrange- 
ment is preferred. 

It has been found that if the load is not truly passive and 
voltages are induced in the load from some other source, the 
operation of the circuit is liable to be upset. These conditions 
might arise if the load were a stage of normal transductor amplifi- 
cation with induced voltages in the control circuit. The centre- 
tapped arrangement is therefore generally preferred as a pre- 
amplifier for auto-excited transductors. The centre-tapped 
amplifier may, however, be preceded by a stage of amplification 
using the balanced rectifier circuit in order to give improved zero 
stability if this is required. 


PRACTICAL DETAILS RELATING TO EVEN-HARMONIC 
TRANSDUCTORS 


11.18 Power Gain and Zero Stability 


Of the three circuits discussed in the foregoing pages the single 
output unit undoubtedly gives the greatest power gain, and in the 
case of a small instrument transductor operating with mumetal 
toroids at a supply frequency of 50 cycles per second, the gain 
can be over 1,000. The zero stability, on the other hand, is not 
so good as with the balanced circuits, and the figure usually 
obtained is between 10-1° and 10°"! watt. It is interesting to 
note, however, that this is about two orders better than that 
obtainable even with a pair of push-pull auto-excited transductors. 

In the centre-tapped arrangement discussed in section 11.16 
the zero stability is appreciably improved and is normally rather 
better than 10- watt. When using the balanced rectifier circuit 
the power gain is generally as low as 300-400, but the zero 
stability is of the order of 10-" watt. These figures refer to the 
power gain when the bandwidth is very low, in which case the 
time-constant is usually of the order of $ second, which corre- 
sponds to a signal cut-off frequency of about 3 cycle/second. 
Improved frequency response can be achieved by sacrificing power 
amplification. 

The problem as to which circuit to use for a given pre-amplifier 
may best be illustrated by two examples. 

(1) The second stage of amplification is a magnetic amplifier 
having a zero stability referred to its input of 10-® watt, and for 
a first stage of amplification the choice lies between two even- 
harmonic transductors, one having a centre-tapped output and 
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the other having the balanced rectifier output. In the former case 
the zero stability is 10-Y watt and the power gain 1,000, while in 
the latter case the zero stability is 10-'? watt while the gain is 300. 

In both cases there are two figures to be considered for the 
zero drift, the drift of the second stage referred to the input of the 
first and the inherent drift of the first stage. The larger of these 
two must be taken as the zero drift. 

When using the centre-tapped output arrangement the drift 
referred from the second stage is 

—9 

a esqgait watt, 
1,000 
while the drift of the first stage is 10- watt. Since the latter 
figure is the larger by a factor of 10, this must be taken as the zero 
drift. 


If the balanced rectifier circuit is used the drift referred from 
9 


10 
the second stage is S000 3°3 x 10° watt, while the drift of 


the first stage is 10- ; the former figure of 3-3 « 107 is taken 
to be the zero drift and this shows a factor of 3:1 over the 
centre-tapped output circuit. Therefore, from the point of view 
of zero drift, the balanced rectifier circuit is preferable. 

(2) The second stage of amplification is a magnetic amplifier 
having a zero stability of 10~" watt. 

In this case the pre-amplifier requires a high gain in order to 
reduce the comparatively large drift referred from the second 
stage and by putting in the appropriate figures it will easily be 
seen that the centre-tapped arrangement is preferable. 


11.19 Impedance Range 


Although the dynamic impedance of any amplifier may be either 
increased or decreased by the use of negative feedback, the input 
resistance is the important consideration when matching for the 
best zero stability (see section 11.21). 

The input and output impedances are limited by the difficulty 
of winding coils with a large number of turns of very fine wire 
without introducing parasitic effects such as excessive self- 
capacitance. The practicable range of input impedances generally 
lies between 0 and 5,000 ohms, while the load impedance might 
be as high as 10,000 ohms. 
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11.20 Screening and Balancing the Even-Harmonic Transductor 


The resultant component of the earth’s magnetic field is suffi- 
cient to cause appreciable polarization of the cores. For this 
reason the figures given for zero drift necessarily apply only when 
the unit is enclosed in a high-permeability box. This 1s parti- 
cularly important if the even-harmonic transductor is incor- 
porated in equipment which is liable to be moved from place to 
place and therefore subject to varying external magnetic fields. 
The effect of the earth’s field must also be taken into consideration 
when the cores are being balanced before final assembly. In 
practice, the amplifier is first balanced approximately with the full 
supply voltage applied to the a.c. coils (a), the pick-off circuit being 
open and the control current, 2,, zero (figure 11.3). The out-of- 
balance voltage peaks across coils (d) are viewed on an oscillograph 
and the unit is rotated in the earth’s field until the positive and 
negative peaks are similar. Laminations may then be removed 
from one or other of the cores until the oscilloscope indicates a 
minimum voltage. If toroidal cores are being used, then this 
preliminary balance must be achieved by using a matched pair of 
toroids. 

Final balance is secured when the circuit is connected up, but 
with zero control current. A microammeter is connected in series 
with the load; the resistor 7,, across one or other of the a.c. 
windings, is then adjusted until the meter reading is reduced to a 
minimum. 

When the amplifier is balanced it should be clamped up and 
sealed in a can. 


Maanetric AMPLIFIERS IN CASCADE 


41.21 Use of Negative Feedback 


Once the zero drift has been reduced to the required level by 
the appropriate choice of input amplifier, the overall gain of a 
number of amplifiers in cascade may be stabilized by the use of 
negative feedback. The type of feedback used depends largely 
on the purpose for which the amplifier is required. Thus if the 
input to the amplifier is a voltage from a thermocouple and the 
output is required to drive a recording instrument dependent 


output current 
upon the load current, the ratio of edad ea baa should be 
input voltage 


stabilized by feeding back a voltage proportional to the load 
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current and comparing this with the input voltage. This not only 
stabilizes the system against changes of gain in the amplifier, but 
also includes the input and output resistances in the closed loop, 
thereby making the effect of temperature changes on these 
resistances less significant. This type of feedback is shown 
schematically in Figure 11.16a. Since in this case the output 
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Diagrams showing various types of feedback and summarizing 


properties of each circuit. 


current is stabilized against load impedance changes the device 
has a high output impedance ; it also has a high input impedance. 

Alternatively, the load voltage may be stabilized by feeding 
back a proportion of the load voltage as shown in Figure 11.166. 
This has already been discussed for the single transductor in 
section 9.11 with reference to the response time. In addition, this 
type of feedback tends to make the load voltage independent of 
the load and hence the output impedance of the feedback amplifier 
is low. 
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In both of these cases the feedback is applied to the input as a 
voltage in series with the signal, thereby tending to make the input 
impedance high. 

The feedback can be applied to the input as a current, however, 
by means of the parallel tapped feed shown in Figure 11.16c. This 
gives the amplifier a low input impedance. Alternatively, current 
feedback can be applied to an extra winding coupled magnetically 
to the control winding (see also Figure 11.16c). The four possible 
types of feedback are shown in Figure 11.16, where the properties 
of each are tabulated. 

It is sometimes considered advantageous to use the transductor 
circuits without self-excitation, thereby employing the inherent 
feedback described in Chapter 4 in order to get stable charac- 
teristics, and although this system is very simple, since it obviates 
the need for auto-excitation rectifiers, it is open to two objections. 
Tt will be remembered that the inherent feedback tends to stabilize 
the ratio of the mean transductor alternating current 7, to the 
control current 7,. In the first place, interest is usually centred 
on the direct load current 7, and this is only equal to the alter- 
nating current if the load rectifier is perfect and the load is resistive. 


Eb, b/as 


‘Ur 


Feed back J 


Figure 11.17. Push-pull amplifier with voltage mixing and overall negative 
feedback which stabilizes the ratio of 7,/Ke. 
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The first objection is therefore that the load rectifier is outside the 
feedback loop. The second objection lies in the fact that the control 
circuit resistance is also outside the feedback loop. The transductor 
is generally operated from a voltage device such as a thermocouple, 
and if the control circuit resistance varies the control current will 
vary ; it is therefore desirable if possible to stabilize the amplifier 
against variation of the control circuit impedance. The preferred 
arrangement is to use an auto-excited transductor as the basic 
amplifier and then to employ negative feedback in order to 
stabilize the ratio of the load current to the control e.m.f. This 
ensures that both the load rectifier and the control current 
resistance are included in the overall feedback loop. An example 
of such an arrangement is shown in Figure 11.17 for a push-pull 
magnetic amplifier with voltage summing. In this case the load 
current is fed back as a voltage across the feedback resistor r,, 
and opposing the control voltage. Such an arrangement reduces 
the sensitivity to temperature variations acting on the control 
circuit. 

Assuming the feedback resistor is small compared with the 
control circuit resistance &, and the load #,, the resultant control 
e.m.f. in the control circuit is equal to 


i — ty V of 


c 


and the mean control current is therefore given by 


psa Ua (11.13) 

—a a a 
(LR, eae fe) 

Also, assuming that the characteristics of the load rectifier are 

included in the current amplification expression G',, we have 


be 
and from (11.13) this gives 
1 = __ Gil(Hee + Tes) —E, i, is, oe (IS 
1 25 To i[(F, a es) 
If the gain G, of the auto-excited transductor is sufficiently 
large, then | 
i, = E,|ty 5 ok 4 TAS) 
In other words, the output/input relationship is dependent only 
upon the feedback resistor. This feedback resistor can be closely 
controlled by making it of manganin wire having a comparatively 
small temperature coefficient of resistance. 
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11.22 Dynamic Stability of Multi-Stage Amplifiers 


The previous remarks on negative feedback apply equally well 
to multi-stage amplifiers, in which case, however, dynamic 
instability may occur due to the cascading of a number of time 
lags in a closed loop (Chapter 7). In these circumstances it may 
be possible to “ shape ” the open loop frequency response suitably 
by feeding back derivatives of the output. Otherwise, although 
the final response is more sluggish, it is usually possible to elimi- 
nate instability by making one of the time-constants large 
compared with the others. This is generally arranged in practice 
by making the time-constant of the output stage very large 
compared with that of the pre-amplifiers. 


11.23 Optimum Control Gircuit Impedance in the Presence of Negative 
Feedback 

In the case of a magnetic amplifier fed from a voltage source 
having a finite resistance it is easy to show that in common with 
other power-operated devices, the maximum transfer of power 
from the source to the amplifier occurs when the winding resistance 
of the amplifier is made equal to the source resistance. 

If negative feedback is applied, such as in Figure 11.16a and 
11.17, the effective input impedance of the amplifier, the dynamic 
impedance, is increased, and the question then arises as to whether 
this dynamic impedance should be matched to the source, or the 
winding resistance matched to the source as previously. 

In order to minimize errors arising from zero drift it has been 
shown |! that the winding resistance should still be matched to the 
source. This may be seen immediately from the following physical 
argument. If we consider an amplifier with negative feedback, 
as in Figure 11.16a, the input to this amplifier will be a voltage, 
and if any zero drift occurs then it will appear in the output as 
an error in measuring the input voltage. Let us suppose that the 
input is initially adjusted to give zero output. Since the output 
is zero there is nothing fed back to the input. Let us now suppose 
that over a period of one hour, say, the output drifts to some 
finite value. The zero drift is then given by the amount which 
the input must be changed in order to restore the output to zero, 
this being the error involved in measuring the input voltage. If 
this change is made, then when the output has been restored to 
zero there is still no negative feedback actually applied since the 
output is zero again. Thus, so long as the output is maintained 
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at zero, changes of the input voltage take place as though there 
were no feedback, these changes measuring the voltage error. 
The problem now is to arrange for these changes of input voltage 
to transier sufficient power to maintain zero output for a minimum 
change of signal voltage and, as we have seen, this is done by 
matching the input impedance of the amplifier to the source. 
But throughout the operation no feedback has been applied and 
therefore the input impedance of the amplifier is given by that of 
the control windings and not the effective impedance due to 
feedback. ‘Thus, in order to minimize errors in amplification of 
the input voltage, the control windings must have the same 
resistance as the source as is the case when no feedback is 
employed. 

Jt should be noted that the source resistance includes the feed- 
back resistance r,,.. Thus if the control source has a resistance 7,,, 
the optimum condition applies when 


resistance of control windings =7,,-+7,,  . (11.16) 


This will now be illustrated by a practical numerical example. 

A particular three-stage amplifier with negative feedback 
designed for thermocouple work has a sensitivity of 5 mA output 
for 4 mV input. The following information will be required : 

(2) The winding resistance r,,, which will give the smallest errors 
in temperature measurement due to amplifier zero drift if 
the source of e.m.f. is a thermocouple having a total 
resistance, including leads of 10 ohms. 

(b) The actual error in temperature measurement caused by 
drift under the optimum conditions determined in (a) if 
the zero drift in the magnetic amplifier is known to corre- 
spond to an input power of 10-" watt assuming the thermo- 
couple sensitivity is 40 mV per 1,000° C. : 

(i) With an amplification setting of 5 mA output for 
4. mV input with negative feedback ; 
(i) With an amplification setting of 5 mA output for 
40 mV input with negative feedback. 
From equation 11.15 the feedback resistor is given by : 
a0 a at ae ohms — 0:8 ohms 
1, Oo 


40 
(ii) 7. = = ohms = 8-0 ohms 
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Thus for condition (i) we have the optimum winding resistance 


tg = leg te te = 10'3-0hms 
and for (ii) 
| ow = 18 ohms. 
The drift may be expressed in terms of the control current thus : 


12 yy = 107-2 watt 
and the voltage generated by the thermocouple corresponding to 
this is given by 

i, = P ois Sie eg Pop)Uc 


and under the optimum conditions (equation 11.16) 
Bi 2h 4 


cw! 
eliminating 7, we get 


therefore the drift voltage = 2V/r,,, X 10-® volts 


for case (i) 7,,, = 10:8 ohms, therefore drift voltage = 6-55 pV. 
The temperature sensitivity is 40 »V per degree and the error 
due to drift is therefore 
(ey EO, 
40 


for case (ii) 7,,, = 18 ohms. 
Therefore the drift voltage = 8-5 pV, and the error in tempera- 


ture measurement is 
(sy OR 11°C. 
40 ART 
11.24 Summary 


Drift in d.c. amplifiers consists of zero drift and gain drift. The 
latter can be reduced by means of negative feedback but the 
former is primarily dependent upon the mechanism of amplifica- 
tion and is normally expressed in definite units, e.g. volts, watts, 
etc. The zero stability of push-pull magnetic amplifiers is approxi- 
mately 10-8 watt and the gain stability about 5% or 10% without 
negative feedback, depending upon the supply voltage and fre- 
quency variations to which the amplifier is subjected. Linearity 
and gain stability can be improved considerably by the appro- 
priate negative feedback, but improved zero stability can only be 
achieved by using a stable pre-amplifier so that the drift referred 
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to the input is reduced by a factor equal to the gain of the pre- 
amplifier. The total gain may be reduced to the required value 
by negative feedback over the constituent stages. 

In order to obtain minimum errors due to zero drift, the resist- 
ance of the control windings should be matched to that of the 
control source. This condition still holds good in the presence of 
negative feedback. 

A number of transductor circuits are capable of operating at 
input power levels as low as 10-" or 10-!? watt. In such circuits 
the load current is obtained by rectifying the even-harmonic 
components of current flowing in the pick-off windings and then 
pulse lengthening these currents by means of a reservoir capacitor 
across the load. With these circuits the power gain obtainable is 
of the order of 1,000. 

The following equations summarize the more important results 
obtained in this chapter : 


(1) Maximum current amplification for an even-harmonic 
transductor with L, = co 


2 oM 4 J 


(a) large signals G, (max) = _ 


e Vy Ve (= 
] + OS =a 
ln 2777 ,Urs/K—1\%e 
. 2 
(6) small signals G, (max) = — — 


(2) Useful power amplification for even-harmonic transductor 
with, Ly SL). 
Ry 


ae . 2 —_ 
G01 1G (max) Ps oy +t, 


where r, is the resistance of the inductor JL,. 
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CHAPTER 12 
MAGNETIC MODULATORS 


T has been seen that for magnetic amplifiers the zero stabilty 
| eae from about 10-° watt for the single transductor down 
to 10-!* watt for even-harmonic transductors using a balanced 
output circuit. It has also been shown that the main limitations 
are caused by the rectifiers used in these circuits, and it therefore 
follows that if their effect can be eliminated the low-level sensi- 
tivity of the amplifier will be increased. 

Experimental evidence of the stability which can be obtained 
by using magnetic cores without metal rectifiers has been provided 
by the work of Williams and Noble,’ in which a d.c. amplifier 
employing a magnetic modulator input operated at a noise level 
of 10-18 watt over a bandwidth of 3 cycles/sec. 

The types of amplifier described in this chapter in general 
employ electronic amplifiers preceded by magnetic modulators 
with a range of zero stabilities extending from 10-” watt down 
to the lower limit of 10-18 watt obtained by Williams and Noble. 

The low-level sensitivity of an electronic d.c. amplifier may be 
greatly improved if the d.c. or low-frequency input is used to 
modulate a carrier. The carrier is then amplified and the modula- 
tion detected after amplification. Ifthe modulator zero is stable 
and the signal frequencies are well below the carrier frequency, 
this arrangement can be made much less liable to zero drift than 
a normal electronic amplifier with direct coupling or a magnetic 
amplifier employing metal rectifiers. . 

There are two reasons for this ; firstly the amplifying process is 
independent of rectification, the latter occurring after the carrier 
has been amplified. Secondly, the bandwidth of the carrier 
amplifier only requires to extend over the range defined by the 
sidebands corresponding to the signal and carrier frequencies. If 
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the signal frequency is small compared with that of the carrier, 
the amplifier frequency range is well beyond that of the signal 
and therefore most of the noise arising in the amplifier will be 
outside the signal bandwidth. 

There are many types of modulator which may be used with 
electronic carrier amplifiers, e.g. relay or commutator choppers, 
carbon piles, vibrating capacitor devices and others. The magnetic 
modulator, however, has the advantage of being mechanically 
static and it is therefore more able to withstand shock or vibration 
and is less liable to wear. ‘The main operating requirements are 
that its zero stability should be good and that it should be able 
to distinguish between positive and negative input signals. 


12.1 Causes of Zero Drift 


It has already been shown in previous chapters that when a 
transductor is d.c. polarized, various waveform changes take place 
in the corem.m.f.s. These changes correspond to a modulation and, 
in the case of the transductor amplifier, for example, our interest 
is centred on the modulation of the mean load current, i.e. the 
mean value of the odd-harmonic components in the core m.m.f.s. 
As a modulation we could equally well have considered the peak 
value of the load current, or the saturation period or even the 
phase angle of a particular harmonic referred to some fixed datum. 
All these quantities are dependent upon d.c. polarization and the 
various magnetic modulators of this type differ only according to 
the particular quantity which is considered to be modulated. 

It was shown in Chapter 11 that when the twin-cored trans- 
ductor is polarized with direct current both odd- and even- 
harmonic voltages are generated. The latter provide a more suit- 
able modulation of the signal because, as we have seen, the zero 
drift is smaller and also because the even-harmonic voltages are 
sign conscious with regard to the input. 

The following factors are liable to cause zero drift, either directly 
or by the introduction of a zero error : 


(a) It is not possible to balance the two cores exactly, and this 
will give a zero error in some types of modulator. 

(6) If the cores are not perfectly balanced and even-harmonics 
are present in the a.c. supply voltage waveform, this will 
give a zero error in all types of magnetic modulator since 
the even-harmonics from the supply will not be distinguish- 
able from those due to a signal. 
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(c) The earth’s magnetic field or any other stray fields will 
polarize the cores to some extent unless they are adequately 
screened. This effect would be indistinguishable from an 
input signal and would cause a zero error particularly liable 
to drift if the orientation of the device were changed. ‘This 
effect is in fact utilized in certain types of “ flux-gate ”’ 
magnetometer. 

(d) Thermal e.m.f.s generated at the junction of dissimilar 
metals (e.g. circuit connections) will produce parasitic 
signals which will drift with a variation of temperature. 

(e) When a large signal is applied to the modulator the cores 
retain a certain amount of flux polarization after removal 
of the signal. This “memory” effect is attributed to 
remanence ; it causes a zero error which may be removed 
by subsequent demagnetization. | 

If the cores are driven well into saturation by the a.c. 
supply, memory effects are far less significant, the supply 
voltage is often made large for this reason although the 
difficulty of balancing the cores is greatly increased. 

Memory effects generally arise in the centre of the cores 
due to incomplete penetration of the a.c. fluxes arising from 
skin effects. These become significant at frequencies over 
500 c/s with -004-in. mumetal laminations. Cores of small 
cross-section give better results in this respect, and demag- 
netization, when necessary, should be carried out at a low 
frequency in order to ensure complete penetration of the 
core by the demagnetizing fluxes. 

(f) If the modulator is biased, e.g. from d.c. ampere-turns 
provided by additional polarizing coils, a drift in the gain 
of the modulator will alter the effect of the bias. This will 
cause a drift which is Independent of the input and will 
therefore be equivalent to a zero drift. 


12.2 Peak-Height Modulator 


This is a type of even-harmonic modulator in which the peak 
value of the second-harmonic voltage components e, (Figure 11.2) 
is used as a measure of the d.c. polarization. 

The operation may be understood by referring to the circuit in 
Figure 11.2 and the magnetization curve of Figure 12.1. If the 
two cores, such as those shown in Figure 11.2, are assumed to be 
exactly matched, the d.c. input signal is zero and the supply 
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voltage is sufficiently large to drive the cores well beyond the knee 
of the magnetization curve (figure 12.1). Under these conditions 
the output voltage e, is zero at all times. 

If there is a d.c. signal, however, the cores become unbalanced, 
one operating at a point defined by the mmf. #, and the 


Laie -toNe =F 
WN ing +ic No =Ey 


Figure 12.1. Magnetization curve showing fluxes and m.m.f.s in magnetic 
modulator. 


other F,, the difference between these points being the m.m.f. 
2H, = 21,N, due to the signal. As the fluxes increase over the 
knee of the magnetization curve an e.m.f. is induced in the 
pick-off windings. The magnitude of this e.m.f. depends upon 
the sharpness of saturation and the difference between the fluxes 
d,s and dz, 1.e. the signal magnitude. 

Figure 12.2a shows the output from an ideal peak-height 
modulator in which the cores are perfectly balanced ; in this case 
the input is d.c. Fgure 12.26 shows the output for a low-fre- 
quency sinusoidal signal. Normally unbalance exists and the 
two cores saturate at slightly different times, even for no signal, 
thereby giving rise to odd-harmonic peaks of the kind shown in 
Figure 12.2c; this represents the output for zero input. 
Figure 12.2d shows the effect of a signal producing an even- 
harmonic output superimposed on the odd-harmonic unbalance. 

Demodulation is usually carried out after amplification of the 
carrier by means of some form of polarity-sensitive peak rectifier, 
a typical arrangement for which is shown in Figure 12.3. The 
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Figure 12.2. Operation of modulator under various conditions. 
(a) Output for constant input (ideal case). 
(b) Output for sine-wave input (ideal case). 
(c) Odd-harmonic output for zero input (effect of unbalance found in practice). 
(d@) Output for sine-wave input with odd-harmonic unbalance. 
(e) Output corresponding to (d) after detecting and smoothing. 


rectifier valve A gives a positive output proportional to the positive 
peaks, while B gives a positive output proportional to the negative 
peaks. Thus the mean output from the detector V,— Vz is a 
reproduction of the input. Jvgure 12.2e shows the output after 
rectification and smoothing. 

A number of errors arise in this type of modulator and it is 


iz) 
A (positive) 
Lnput | 
‘© Amplifier 
| Output 
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= B XB 


(positive) 


Figure 12.3. Modulator system showing circuit of one type of peak rectifier. 
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therefore necessary to take certain precautions in order to mini- 
mize their effects. : 

(1) Imperfect balance of the cores gives rise to the following 
difficulties :— 


(2) If even-harmonics are present in the supply these will. 


~~ 


~eeee™ 


appear in the unbalanced component of the output and will 
be indistinguishable in their effect from a d.c. signal. It is 
therefore necessary to ensure that the supply waveform 
contains a sufficiently small proportion of even-harmonics 
to make the zero error sufficiently small. In practice this 
may be achieved by using a rotating machine as the source 
of supply rather than an electronic oscillator. 

The odd-harmonics (Figure 12.2c) which appear for zero 
input are inevitably applied to the valve amplifier. The 
gain of this amplifier must therefore be limited to such 
a value that these harmonics when amplified are not so 
large as to cause non-linear operation or damage the 
rectifiers which demodulate the carrier. The amount of 
unbalance therefore places an upper limit on the per- 
missible gain of the carrier amplifier. 

Detection of the output obtainable for small input signals 
involves the subtraction of two large quantities, V, and V z, 
to give a small one. This is an undesirable feature for a 
number of reasons ; for example, in the electronic amplifier 
the amplification of the positive peaks from the modulator 
resulting in the voltage V, must be exactly equal to the 
amplification of the negative peaks giving V,;. Otherwise 
a zero error will appear when these two quantities are sub- 
tracted. Such an effect arises due to amplifier distortion 
and may generally be kept to within tolerable limits by the 
use of negative feedback. 


(2) Memory effects occur if the modulator is not driven well 
into saturation by using a high supply voltage. ‘he latter, how- 
ever, increases the zero signal unbalance, Figure 12.2c, leading to 
the difficulties mentioned in 1 (b) and (c) above. It is therefore 
necessary to compromise between these factors. 

(3) The earth’s field has a considerable effect on the cores and 
it is important to shield the modulator unit in a high-permeability 
box. 

A circuit for one type of modulator is shown in Figure 12.4. 
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—2 Modulated output to 
valve ampiifier 


Figure 12.4. Peak-height magnetic modulator circuit using normal iron-core 
construction. 


The signal is applied through a high impedance while the modu- 
lated carrier appears across the resistance &. The capacitor C 
prevents low-frequency signal components from appearing as a 
ripple in the modulator output and the inductance LZ prevents the 
high-frequency carrier components from being dissipated in the 
input circuit, confining them to the series circuit consisting of the 
output resistance # and the blocking capacitor C. The two non- 
linear inductors are balanced by means of the potentiometer P. 

A particular feature of this circuit is that the control windings 
also serve as the output windings, thereby increasing the available 
winding space on the core. 

This type of modulator has a zero stability of about 10- watt 
when using mumetal-cored saturable reactors. 

A circuit which is basically similar to this but differs in its form 
of construction is shown in Figure 12.5. In this case the trans- 
ductor arrangement consists of two coils, A and 6, each wound 
on a core consisting of a fine mumetal wire. 


O 
D.C. signal 


Figure 12.5, Flux-gate modulator. 
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This arrangement is similar to the flux-gate magnetometer, in 
which a pair of mumetal wires each carrying a.c. excited coils are 
arranged beside one another in an external field which polarizes 
the wires. Even-harmonics appear in the current waveform due 
to polarization from the external field. These even-harmonics 
give a measure of the field strength. 

In the modulator, however, the two coils are arranged astati- 
cally, i.e. one is reversed in relation to the other in order to make 
the arrangement comparatively insensitive to external magnetic 
fields.2 Since the two cores must obviously occupy slightly 
different positions in space, any field gradient which changes as 
the modulator is moved about will give rise to a zero drift. It is 
therefore necessary to enclose the modulator in a magnetically 
screened can in addition to making the arrangement astatic. 

The flux-gates are connected in two arms, A and B, of a bridge 
circuit, which is balanced by means of the capacitors C in the 
adjacent arms. 

The bridge is supplied from a centre-tapped transformer and 
the d.c. signal is applied through an inductance ZL to the centre- 
tap of this transformer and to the common point D. The modu- 
lated output is then taken from the points D and # through 
another transformer. 

If the bridge is balanced and no d.c. control applied, then no 
output appears, but if the mumetal wires are polarized by means 
of a direct current applied at the input, the bridge becomes 
unbalanced and gives an even-harmonic output. As in the pre- 
vious example of the peak-height modulator, the present arrange- 
ment cannot be perfectly balanced and, when no signal is applied, 
odd-harmonic components appear in the output ; the presence of a 
direct current in the coils causes even harmonics to be super- 
imposed on the odd-harmonic standing output. Thus in principle 
this circuit is identical to that previously described, differing only 
in the method of balancing and the type of core used. The instru- 
ment is claimed to have a zero stability of 10-1° watt over long 
periods. 

The signal current can be arranged to flow in isolated windings, 
but this requires extra space, thereby separating the cores and 
making the system more sensitive to field gradient. Because of 
this need for common a.c. and control windings, the input impe- 
dance is more limited than when the coils are wound on a closed 
iron circuit. On the other hand, because the area of the wires is 
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small, the flux effectively penetrates the core and thereby makes 
the device comparatively free from memory effects due to 
remanence. 


12.3. Second-Harmonic Modulator 


This type of modulator is less liable to zero drift than any other, 
primarily because only the second harmonic is selected from the 
output of the circuit in Figure 11.2 and amplified. A standing 
output due to core unbalance is therefore only possible if second- 
harmonic components are present in the supply. The output from 
the modulator is applied to an electronic amplifier selectively 
tuned to the second harmonic and the output from the amplifier 
is then fed to a phase-sensitive rectifier. Thus two results are 
immediately achieved, firstly the standing zero error is practically 
eliminated, thereby reducing zero drift due to changes in the zero 
error to almost negligible proportions. Secondly, the amplifier 
and rectifier are not loaded by unwanted odd-harmonic com- 
ponents and the amplifier gain may therefore be much higher than 
is applicable to the peak-height type of instrument. The energy 
available in the second harmonics corresponds to an appreciable 
proportion of the total even-harmonic energy, and therefore the 
loss of sensitivity by rejection of the other harmonics is not 
excessive. 

In the second-harmonic type of modulator, the following possible 
sources of zero drift remain : 

(a) Thermal e.m.f.s at junctions of dissimilar metals. 

(6) Second-harmonic impurity in the supply. 

(c) Memory effects due to remanence after an excessive signal. 

(d) Stray fields. 

A number of second-harmonic modulators have been used, but 
the experimental circuit developed by Williams and Noble 
probably represents the ultimate performance possible so far as 
zero drift is concerned. The general arrangement is shown in 
Figure 12.6. 

The modulator unit (Figure 12.6) consisted of two inductors 
toroidally wound on mumetal cores. The a.c. excitation was 
supplied from a 1,500 c/s sine-wave oscillator and this was applied 
to the two coils (a) through the balancing ‘potentiometer P and 
the equal capacitors C,. ‘The windings (c) carried the d.c. input 
signal applied at AB, the high-frequency components being by- 
passed by the capacitor C’, and applied to the transformer 7 
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Figure 12.6. Second-harmonic magnetic modulator. 
(After Williams and Noble.) 


which was tuned to 3 Ke/s, the second harmonic of the supply 
frequency. The output from the transformer was then applied 
to a selectively tuned amplifier. The amplifier output was fed 
to a phase-sensitive rectifier, the reference frequency being 
obtained from the a.c. supply through a frequency doubler and 
pre-set phase shifter which compensated for amplifier phase shift. 

The following precautions were taken in order to minimize the 
effects of zero drift : 

(a) Thermal e.m.f.s. These being of a low frequency, were 
eliminated from the a.c. windings (a) by means of the blocking 
capacitors C,, while those arising in the control circuit were 
reduced by avoiding joints of dissimilar metals wherever possible. 

(b) Second harmonic impurity in the a.c. supply. The oscillator 
providing the a.c. supply was carefully designed to reduce second 
harmonic content to a minimum. 

This was achieved by generating a carefully adjusted square 
wave and then filtering out all frequency components but the 
fundamental. Thus, due to the inherent symmetry of the square 
wave, the second harmonic content was low even before filtering. 

(c) Memory effects. Owing to the fact that the output was 
selectively tuned to the second harmonic, balancing of the cores 
was less important than in the peak-height device. Therefore the 
system was balanced adequately although the cores were being 
driven well into saturation, thereby reducing memory effects due 
to large signals. 
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(d) Stray magnetic fields. 'The effect of stray magnetic fields 
was reduced by careful screening and keeping the modulator 
stationary in the earth’s field. 

This magnetic modulator was built primarily for the purpose 
of investigation, and it was claimed to have a zero stability of 
10-18 watt over a bandwidth of 3 c/s. A more practical instru- 
ment was subsequently designed along the same lines and 
was reported to have a zero stability of about 10-!* watt. 


12.4 Comparison of Magnetic Modulators and Relay Choppers 


When using contact modulators the zero stability varies con- 
siderably with operating conditions and the ultimate stability 
appears to be about 10-19 watt,’ which is one order better than 
that reported by Williams and Noble for the experimental second- 
harmonic modulator. Under normal operating conditions using 
readily available materials relay choppers have a voltage stability 
of 10-100 »V. When operating from an input impedance of 1 MQ 
this corresponds to a zero drift of 10-14 to 10-16 watt. Thus 
vibrating relay modulators have comparable performance with 
magnetic modulators, but in particular the relay modulator is 
probably the more suitable for high source impedances, say above 
20 K2, while the magnetic modulator is better in terms of power 
stability when the source impedance is low. Irrespective of these 
considerations, the relay chopper has the advantage of requiring 
less complicated circuitry to achieve a given zero stability while 
the magnetic modulator possesses the advantage of being mechani- 
cally static and therefore probably more reliable. 


12.5 Applications of Magnetic Modulators 


Magnetic modulators are used chiefly in conjunction with elec- 
tronic circuits as sensitive d.c. amplifiers. Amplifiers of this type 
are applicable to industrial measurements and control, and also 
as d.c. amplifiers in analogue computers, medical equipment and 
laboratory instruments. 

Two specific examples will now be given of magnetic modulator 
applications, firstly a wide-band d.c. amplifier for use in analogue 
computers, and secondly a stable d.c. amplifier suitable for indus- 
trial measurements. 

(a) Wide-band d.c. amplifier“ D.C. amplifiers for analogue 
computers often require to operate satisfactorily in the audio- 
frequency range as well as at very low frequencies. The need to 
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operate at low signal levels suggests the use of a modulating 
system which would, however, limit the possible bandwidth. On 
the other hand, direct-coupled audio amplifiers operating over a 
wide band are inescapably associated with large drift potentials 
which arise at the grid of the first valve, and this gives a low signal 
to noise ratio at very low frequencies. 

A composite circuit has been developed by Goldberg *! in 
which bandwidth and zero stability are both achieved in one 
hybrid amplifier. A conventional direct-coupled electronic 
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Figure 12.7. Hybrid amplifier having low zero drift and large bandwidth. 


amplifier operates up to the maximum audio frequency required 
and in addition its zero is continuously monitored and main- 
tained constant by a stable d.c. modulator amplifier which 
operates only over a limited frequency range. A block diagram of 
the system is shown in Fagure 12.7. 

In the conventional direct-coupled amplifier A the valve in the 
first stage has two control grids, C and D. Input voltages at C 
are amplified and appear at the output increased by a factor G,, 
the gain of the amplifier. 

A modulator-type amplifier B has its input also connected to C 
and its output to the other control grid D of the direct-coupled 
amplifier; the gain of the modulator amplifier to d.c. signals is Gp. 

Signals of a very low frequency appear at the grid C and are 
amplified first by 6 and then by A via the control grid D. Signals 
are also amplified in A alone via the control gridC. The total gain 
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to low frequencies is therefore (G, + G,G,). It is important to 
note that these frequencies are all effectively pre-amplified in B, 
which is comparatively free from drift and therefore, assuming no 
drift occurs in B, the signal to drift ratio is increased by a factor 
corresponding to the gain G', of the modulator amplifier. 

High-frequency signals by-pass B and are amplified in A alone, 
the gain now being approximately equal to G',. 

Typical values for G, and G, at zero frequency are 10* and 10° 
respectively, so that at low frequencies the overall gain G = GG, 
is approximately 10’, while at high frequencies the gain is reduced 
to 10*. The overall gain is stabilized by means of the feedback 
resistors &, and &,, so that the closed loop gain becomes nearly 


fi 
equal to R- 


1 

In one particular application of this kind a peak-height modu- 
lator of the type shown in Figure 12.4 is employed. 

The carrier frequency is 400 c/s and the overall gain of the 
modulator amplifier unit is sufficient to improve the zero drift of 
the main amplifier by a factor of 200. The input impedance of 
the main amplifier is 2 MQ and the closed loop voltage gain is 
unity. A photograph of the modulator amplifier is shown in 
Figure 12.8. 

(6) Flux-gate modulator amplifier. A flux-gate-type modulator 
has been employed in a practical d.c. amplifier for the amplifica- 
tion of small e.m.f.s from devices such as thermo-couples, strain 
gauges, photo-cells, etc. The overall voltage gain is about 10+, 
the input impedance is 2,000 ohms and the output impedance 
1,000 ohms. The zero stability is approximately 1 micro-volt and 
the gain is stable to within 1%. A photograph of this unit is 
shown in Figure 12.9. 
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Figure \2.8. Magnetic modulator amplifier for zero-stabilizing a wide-band 
d.c. amplifier. 


Figure 12.9. Amplifier using flux-gate modulator. 
Figures 12.8 and 12.9 by courtesy Elliott Brothers (London) Lid. 
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CHAPTER 138 


CONSTRUCTION AND DESIGN OF 
MAGNETIC AMPLIFTERS 


13.1 Introduction 


N previous chapters the mode of operation of magnetic ampli- 

fiers was discussed and the transient and steady-state charac- 
teristics considered. It has also been stressed that these charac- 
teristics only apply under certain idealized conditions and that 
even empirical data based on practical observations is of limited 
value owing to the variation in properties of a given type of core 
material from one batch to another. Uncertainties of this kind 
influence the design of transductors and the final amplification 
may differ by as much as 50% from the predicted value. It is 
therefore usual when designing to aim at an amplification some- 
what greater than the required value and arrange for final pre- 
setting during manufacture (section 5.7). 

In addition to the average slope of the characteristic, however, 
it is sometimes found that the shape of the characteristics varies, 
particularly at the upper and lower ends. When two trans- 
ductors are required to form a push-pull pair it is desirable that 
their characteristics should be matched as closely as possible. 
Careful matching of the cores by selection is of course possible. 
It is usually sufficient, however, to ensure that laminations are 
selected from one production batch. ‘Toroidal cores may, of 
course, be wound in pairs which have already been matched. 

As in similar problems of this kind, when designing for a given 
specification the procedure tends to be governed by experience. 
Nevertheless the information contained in this book has been used 
as a basis for magnetic amplifier design. This chapter, therefore, 
contains a summary of the salient factors relating to design and 
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construction and gives some guide to the methods which have 
been found adequate for most purposes. 


SUMMARY OF PRE-DESIGN CONSIDERATIONS 

When considering the application of magnetic amplifiers to a 
specific problem it is usually desirable first to consider the relative 
merits of the various possible alternatives. In order to do this 
the more important practical features of the transductor are 
summarized in the following sections as a guide to determining 
whether or not a magnetic amplifier is the most suitable in 
comparison with other types of amplifier. 


13.2 Amplification 


When a transductor is used as an amplifier the gain is not 
normally considered in terms of voltage or current ratios but 
rather as a power amplification, since the latter is more closely 
related to the response time. Furthermore, it is usually possible 
to quote a typical figure for the power gain of a specific type of 
amplifier without reference to the windings or circuit impedances. 
Thus when using nickel-iron cores and selenium rectifiers, a small 
single-stage amplifier with auto-excitation cannot in general be 
expected to operate with reasonable stability for power gains 
greater than 10° although higher figures than this have been 
reported for magnetic amplifiers operating under laboratory 
conditions. When larger units are required it may be necessary 
on economic grounds to use cheaper core materials such as silicon- 
iron, in which case the power amplification seldom exceeds 
5 xX 10°. 


13.3. Time-Constant 


It has been shown that the time-constant is approximately 
proportional to the power amplification and inversely propor- 
tional to the supply frequency. For example, the time-constant 
of an auto-excited transductor having an amplification of 10? in 
one stage and operating from a supply frequency of 400 cycles 
per second would be 25-50 milliseconds. Where rapid response is 
required high-frequency supplies are clearly an advantage when 
available, but in practice the frequency is limited by iron losses to 
something less than 5 Ke. if reasonable stability of the charac- 
teristics is to be maintained. 

More rapid response is achieved for a given power gain by 
cascading two amplifiers, but it must be remembered that in no 
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circumstances can the response time be less than one half-cycle 
of the supply frequency. 

Rapid response is not always required, however, and in some 
circumstances the slow response may be emphasized either to 
provide smoothing or to help stabilize a closed-loop control 
system. 


13.4 Efficiency 


As was shown in Chapter 2, the efficiency of a magnetic ampli- 
fier is governed primarily by the ratio of the load resistance Ff, to 
the total a.c. circuit resistance #,. The true efficiency also depends 
upon the form factor of the current in the a.c. windings (section 
2.12), but the mean power efficiency &,/A, is aconvenient quantity 
by which to estimate both the power consumed from the mains 
and the power which will be dissipated in the amplifier itself. 
Since transductors consist essentially of a reactive controlling 
impedance, their efficiency is higher than corresponding electronic 
devices in which the control is due to a variable resistive element. 

As was shown in Chapter 2, the ratio #,/R, for single trans- 
ductors varies from 50% for small units operating at low fre- 
quencies (say 50 c/s) up to 95% for very large units or for trans- 
ductors operating at high supply frequencies. 


13.5 Power Output in Relation to Size and Weight 


The minimum possible size of small transductors is usually 
limited either by difficulties of manufacture or by the require- 
ments of the electrical characteristics. 

For supply frequencies of 400 cycles per second, or more if 
advantage is taken of the high efficiency, a small amplifier up to 
about 10 watts output compares favourably with an equivalent 
electronic amplifier with its power pack. In these circumstances, 
however, the type of load can play an important part in deter- 
mining the overall size of the equipment. In order to appreciate 
this let us consider three types of load each requiring a push-pull 
output, the supply voltage available being appropriate to the load 
impedance. Firstly, suppose that the load has no centre-tap ; 
in this case summing resistors are necessary (Chapter 10). The 
summing resistors lead to considerable wastage of power and the 
transductor may have to control an output power seven or eight 
times greater than that specified for the load. In addition, an 
isolating transformer is necessary in order to avoid short-circuiting 
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the load rectifier. The combined effect of these two requirements 
leads to a unit which is somewhat large considering the ultimate 
output requirements. 

Secondly, if the load is centre-tapped, summing resistors are 
unnecessary and therefore a considerable reduction in total power 
output is achieved with a correspondingly reduced size ; the 
isolating transformer is still required, however. Finally, if the 
load consists of two separate windings coupled by an iron circuit, 
as may be the case with a split field motor where the transductor 
load is the pair of isolated fields, then both the summing resistors 
and the transformer might be dispensed with, resulting in a unit 
which is very attractive both from size and weight considerations. 

In larger units, say over 100 watts, size is governed by tempera- 
ture rise due to heat dissipation and it is possible to make a direct 
comparison with transformers. 

Let us consider two equal transformers each rated to supply a 
secondary load of 1 kW. at V volts and J amps. (r.m.s.). The 
following assumptions are made; firstly that ampere-turn 
balance holds between the primary and the secondary on full 
load, secondly that these windings occupy equal spaces on the 
core, and thirdly that they have the same mean length of turn. 

If these two transformers are connected as a series transductor 
the maximum a.c. voltage will be 2 V. The maximum load current 
will be limited by heating of the overall unit. Now, when used 
as a transformer, the copper losses and iron losses are ideally 
equal, but when used as a series transductor without self-excita- 
tion, at maximum output the iron losses are very nearly zero 
since the flux swing is small. Furthermore, the maximum output 
current is almost sinusoidal, and since the copper losses can 
be doubled, the maximum current will be very nearly equal 
to 4/21. If the efficiency is 80%, then the maximum r.m.s. 
voltage applied to the load will be 2 x 0-8 V ; thus the maximum 
volt-amperes in the load (rectified values) will be equal to 

2x08V_ 4/21 


+—— = 1-84 VI. 
1-ll . L-Ll “ 


In practice, the maximum output may be slightly less than this, 
due partly to slight distortion of the load current at maximum 
linear output and partly to the small iron losses which must exist 
in practice. A more conservative figure is therefore about 1:6 VJ. 

In the case of an auto-excited transductor, the results are 
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somewhat different. Firstly, due to the increased m.m.f. ratio, 
the space occupied by the control windings can be considerably 
reduced and 10% of the total space will be adequate for large 
output units in which the gain can be maintained at a conservative 
figure. Thus the proportion of area occupied by the a.c. windings 
may be increased from 0-5 to 0-9 and therefore the resistance of 
the a.c. windings can be reduced by a factor 8. Ifthe maximum 
r.m.s. load current is now J, then, due to the routing action of the 
auto-excitation rectifiers, this will only flow once every two half- 
cycles, i.e. for half the time, so that the heating effect may be 
equated to the heating effect due to the previous current J as 
follows : 
RX$xeg=P 

giving yee ty 

When using auto-excitation, linear operation is only achieved 
up to about one-half maximum output for silicon-iron cores, and 
therefore the maximum load voltage will be only about 0:5 V ; 
furthermore, under these conditions the maximum current cannot 
be increased by the factor 1/2, since an appreciable iron loss will 
also be present and a more reasonable factor would be about 1-25. 
Finally, the form factor of the waveform under these conditions 
is equal to about 1-4, and therefore the maximum rectified volt- 
amperes in the load are now equal to 

0-5 V LO ¢ 25 
1-4 ‘ 1-4 
==(O- VL. 

These considerations bring out the following important points : 
firstly that the series transductor without self-excitation controls 
approximately 80% of the power controlled by an equivalent 
transformer of the same rating, and secondly that the auto- 
excited transductor will only handle about 30% of the power of 
the transformer. If greater non-linearity can be tolerated as, for 
example, in a closed-loop system, then this figure might be 
increased to 40%, but it is clear that the series transductor without 
self-excitation is capable of controlling two or three times as 
much power as the auto-excited version for a given size. For this 
reason it is therefore sometimes preferable to employ a small pre- 
amplifier followed by a low-gain output stage which can dispense 
with auto-excitation and thereby reap the advantages of greater 
power-handling capacity for a given size. 
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13.6 Impedance Range 


The maximum input and output impedances are limited by the 
manufacturing difficulty of winding coils of many turns of fine 
wire and the corresponding insulation problems which arise in 
the a.c. windings when high voltages are present. Input impe- 
dances can be as high as 10,000 ohms and coils of 70,000 ohms 
have been wound for special purposes. Such coils are, however, 
expensive and difficult to wind, and impedances greater than 
5,000 ohms are uncommon. When the output impedance is either 
unusually high or unusually low it may be more economical in 
terms of cost or efficiency to wind the transductor for a practicable 
output impedance and then to match the impedance through a 
transformer before rectification. This would apply particularly 
when an isolating transformer is required ; in such cases the 
matching transformer could also serve this purpose. 

The dynamic input or output impedance may of course be 
increased at the expense of amplification by the use of negative 
feedback. 


13.7 Stability 


The stability of magnetic amplifiers has already been discussed 
at length in Chapter 11, and only a brief summary will be given 
here. Short-term drift is usually due to changes of supply 
voltage, frequency and ambient temperature, while long-term 
drift arises due to ageing of components such as metal rectifiers. 

Variation of ambient temperature influences the rectifiers, and 
the resistance of the windings; it also affects the magnetic 
properties of the core due to differential expansion of the core 
and clamps. The latter point is particularly noticeable in the 
cut C type cores, which are clamped by means of encircling straps, 
a simple butt joint being formed at the point of contact. 

In large single transductors drifts of the order of -- 20% of full- 
load current are possible and usually tolerable. In smaller units 
a gain stability of about 5% or 10% is typical and can be improved 
by the use of negative feedback. 

Zero drift ranges from 10~° watt for the larger transductors down 
to 10-! watt for small instrument amplifiers (see Chapter 11). 


13.8 Waveform 


Since the controlling element of a transductor is due to a 
saturable core, the waveform of the unrectified load current is 
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considerably distorted. This consideration must be borne in 
mind particularly when considering the form factor, which varies 
from a large value down to 1-11 as the output increases from zero 
to maximum. 


13.9 Lamination Noise 

Transductors are usually more noisy than transformers of the 
same rating, and in large units it is sometimes advisable to provide 
resilient mounts and sound insulation. 


13.10 Warming Up 

Magnetic amplifiers are generally available for use immediately 
after being switched on; there is, therefore, no need for delay 
switches or other protective gear on starting. 


13.11 Reliability 

Since transductor amplifiers are static devices, they contain 
no parts which are liable to wear, nor do they require maintenance. 
They closely resemble transformers in construction and are 
equally reliable. When used with metal rectifiers or relays, 
however, their reliability 1s governed primarily by these com- 
ponents. 

In many applications the transductor is used because reliability 
considerations outweigh the initial cost and other disadvantages 
that might be avoided by the use of less reliable equipment. 


13.12 Cost 

The initial cost of small magnetic amplifiers is due to the need 
for special core materials, rectifiers and possibly complex wind- 
ings. Larger units are more directly comparable with transformers 
on the basis of the remarks made in section 13.5. 

The low maintenance costs, however, pay for the capital outlay 
after a reasonable period. 

The development cost of small units also tends to be high, due 
to the limited scale of activity and lack of mass-produced compo- 
nents such as clamps, bobbins, etc. It should be borne in mind, 
however, that a special power supply is seldom necessary, and this 
may help to reduce the initial expense as compared with that of 
electronic equipment. 


TRANSDUCTOR CORES 
13.13 Requirements for Cores 


Many attempts have been made to arrive at a “figure of 
merit ’ for transductor cores.“ In general, however, this is 
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somewhat difficult, because a simple criterion fails to take account 
of all the relevant factors while a complicated one requires special 
measurements which are just as difficult to take as a complete 
transductor characteristic. In addition, no criterion can possibly 
give the complete answer, since the relative importance given to 
each consideration in the figure of merit cannot be in accordance 
with all possible requirements. 

The requirements for a transductor core will therefore be 
specified herein by summarizing the desirable features and the 
particular way in which each one influences the overall perform- 
ance. 

(a) Sharpness of B.H. Curve. The non-linearity in the magneti- 
zation curve is the basic reason for transductor operation. Unless 
this non-linearity is pronounced the linear-operating range of 
the transductor will be small and amplification low; also the 
standing current for zero signal will be appreciable, thereby 
leading to problems of zero drift as discussed in Chapter 11. 

(6) Slope wn unsaturated region. If the slope of the magnetiza- 
tion curve is large in the unsaturated region this leads to a high 
gain and small standing current with the resulting stability of the 
characteristics. 7 

(c) Iron losses. Excessive iron losses cause reduced gain 
together with non-linear operation and increased zero drift. They 
do not seriously limit the thermal rating because when the iron 
losses are a maximum the copper losses are negligible and the two 
are never a maximum at the same time. 

(d) Saturation flux density. This should be as large as possible 
in order to enable the a.c. windings to support a large supply volt- 
age for a given number of turns. 

(e) Relative importance of various factors. Unfortunately the 
less expensive core materials are notably inferior in other respects ; 
thus silicon-iron, which is relatively cheap, has a comparatively 
low permeability together with a saturation which is not parti- 
cularly sharp. It also suffers from the disadvantage of having 
higher losses than the nickel-iron cores, the latter, however, are 
much more expensive. 

When dealing with 70% nickel-irons (mumetal, permalloy C, 
etc.) the permeability is high, the losses are low and the knee of 
the characteristic is relatively sharp. The cost of these materials, 
however, is very high and the saturation flux density is only about 
one-half of that for silicon iron; this tends to increase the © 
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weight of mumetal required for a given output which results in 
a further increase of costs. Mumetal is therefore generally 
confined to smaller units or first stages requiring a high gain and 
good zero stability. The 50% nickel-irons (H.C.R. Deltamax, 
Orthonal) have a high saturation induction but the losses are 
higher than in mumetal; the gain and stability of transductors 
made with these materials is therefore inferior to that obtained 
with mumetal-cored units. 


13.14 Types of Core 


Early transductors employed cores assembled from laminations 
of the type shown in Figures 13.la andb ; these are commonly 


(€) 
Figure 13.1. Diagrams showing interleaved assembly of core laminations. 
(a) H and I type. 
(b) ZT and U type. 
(c) Method of interleaving. 
(2) Flux distribution at joints. 
(e) Effect of saturation at joints. 
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used in transformers, but when used for transductors they give 
rise to a pronounced non-linearity halfway up the characteristic. 
The reason for this is as follows : when the core is assembled with 
interleaved joints (Figure 13.1c), the joints at places where 
adjacent laminations butt together, as shown in d, carry the 
total flux over an iron section XX which is one-half the area of 
the main body of the core since only one-half the number of 
laminations are present over this short length of the core path. 
Therefore, when the flux in the main limbs reaches one-half the 
saturation value, the flux in the path from A to B (Figure 13.1d) 
causes the iron in this region to become saturated. When this 
occurs the reluctance of this gap becomes comparable with that 
of a complete air gap (Figure 13.1le), so that from half the 
saturation flux to full saturation the characteristic approaches 
that of a gapped core such as that shown by curve (b) in Figure 13.4. 
As the gap is closed by forcing the adjacent laminations together 
longitudinally the slope of the characteristic may increase as 
shown by curve (c) (Figure 13.4). In practice, of course, the curve 
can never be made to coincide with (a), which is the magnetization 
curve for a core of uniform sectional area, since a gapped core 
never has such a low reluctance as a continuous core and therefore 
with this type of lamination a non-linearity is always present. 


(a) | (B) 


Figure 13.2. Lamination assemblies using lap joints. 


Better characteristics are obtained if the gap AB is increased to 
a very large value; this results in curve (d) which, although only 
having one-half the saturation flux, at least possesses the necessary 
sharp knee. 

This effect can be achieved by re-arranging the laminations to 
have complete lapping of joints giving a core assembled as in 
Figure 13.2. The flux density at which saturation occurs is 
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determined by the minimum sectional area of the core and, 
referring to Figure 13.26, it is seen that although the depth of 
the core is that of six laminations, the effective iron area, as 
determined by the minimum area, is only three laminations. 

The stacking factor of a core is thus the ratio of the effective 
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(a) (6) 
Figure 13.3. Lamination assemblies using lap joints. 
(a) Stacking factor = 67%. 
(b) Stacking factor = 50%. 


core area to the sectional space occupied by this core area, and 
in the present case this is equal to 50%. In practice it will be 
even smaller, due to the need for a coating of insulating material 
between each lamination. If the coating is -001 in. thick and the 
laminations are -004 in. thick the stacking factor for this type of 


O 


—_>F (mmf) 
Figure 13.4. Magnetization curves for laminated cores. 


(a) Continuous core, (6) and (c) interleaved laminations, (d) lapped joints as in 
Figure 13.2 and 13.3(0). 


assembly will be about 40%. An alternative method of assembly 
is shown in /igure 13.3a, in which the laminations are slightly 
distorted. Usually, however, the distortion is very small and well 
within the elastic limit so that no harm is done. Furthermore, 
as is seen by comparison with Figure 13.36, which is a section 
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XX through Figure 13.2a, an improved stacking factor is 
obtained by this method. In Figure 13.3a the actual depth 
corresponds to that of twelve laminations while the effective area 
is given by eight laminations. In this case, neglecting insulation, 
the stacking factor is equal to 67%. 

An improved design of lamination has been standardized by 
the Ministry of Supply for transductor work. With this lamina- 
tion full advantage is taken of the core area at all parts of the 


Figure 13-5. Standard transductor laminations for lapped joints. 
Stacking factor = 100%. 


characteristic. Two alternative shapes of these laminations are 
shown in Figures 13.56 and c. They are assembled as shown with 
the backs pointing first in one direction and then in the other 
direction (Figure 13.5a), and they differ from the normal # or U 
type of lamination only in that the back of the laminations has 
double the width of the outer limbs. Thus if we consider a section 
through AX (figure 13.5a), although the number of paths (lamina- 
tions) passing through this area is halved, the width is doubled and 
therefore the overall core area is maintained at the same value 
over the whole of the flux path. 
370 


Construction and Design of Magnetic Amplifiers 


Such a core has a stacking factor which is about 0-8, due to the 
thickness of the insulating coating on each lamination. ‘These 
laminations are available in four different sizes. ‘Table 1, at the 
end of this chapter, lists the dimension y (Figure 13.5) for each of 
the sizes. It should be noted that when using laminated cores in 
any of the ways discussed above, the magnetic flux must pass 
from one lamination to the next through the interfacial insulation. . 

The thickness of the insulation may be as much as -001 in., 
which is comparable with that of a simple butt joint. The 
reluctance of the flux path, however, is proportional to the ratio 


length of path 
Pc omatacea ain The cross-sectional area of the interface is 


cross-sectional area 

comparatively large and thus the effect of an insulating layer on 
the total core reluctance is much less than the effect of a butt 
joint. | 


(a) (6) 


Figure 13.6. ‘Types of core for grain-oriented irons, 
(a) Split “‘ C”’ core. 
(b) Mitred laminations. 


When the magnetic material has strong directional properties 
such as grain-oriented silicon-iron (Crystalloy and Hypersil), the 
reluctance of magnetic paths at 90° to the direction of rolling is 
comparatively high; orthodox laminations made of these 
materials are therefore unsatisfactory. Sometimes split C type 
cores are used ; these cores are spirally wound and bonded up 
tightly after which they are sawn in half and the sawn surfaces 
then ground into matched pairs as shown in Figure 13.6a. The 
following type of core has been found more suitable for trans- 
ductors however. Laminations of the type shown in Figure 13.66 
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are used, consisting of U’s and J’s interleaved as for normal 
transformer construction with the J’s occurring at alternate ends. 
When the path in a U lamination changes direction as at B, the 
flux transfers to the alternative J lamination which is placed over 
the top and is being magnetized along the easy direction. Thus 
the flux path is along the limbs of the U when traversing paths 
such as AB or CD but along the /’s when the paths are BC or DA ; 
the bases of the U’s thus form high reluctance paths in parallel 
with the l’s. Since the bases of the U’s are virtually ineffective, 
the /’s must have double the width of the limbs of the U’s in 
order to avoid saturation of the J members. 

The square loop materials such as H.C.R. have 45° directional 
properties, and for this reason the normal type of transductor 
lamination (figure 13.5) is satisfactory. 

Toroidal cores give the highest amplification and greatest 
stability in all cases however. The effective slope of the magneti- 
zation curve is greater than that of a flat laminated core and 
individual cores are more consistent. ‘The chief difficulties lie in 
the cost of winding, the poor winding space factor, particularly in 
small units, and the rather awkward shape which does not readily 
lend itself to easy clamping or fitting compactly into equipment 
where space must be conserved. 

Continuous laminations of the type shown in figure 13.7a 


Reel of wire 


(6) 
Figure 13.7. Continuous centre-limbed core showing method of winding. 
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igure 18.8(a). Small transductor assembly on * E ” type laminated core. 


Figure 13.8(b). Encapsulated magnetic amplifier coil assemblies used in a missile 
guidance system. 


Figure 13.9. 500-watt transductor wound on cut type “ CG” cores. 


Figures 13.8(a) and 13.9 by courtesy Elliott Brothers (London) Ltd. Figure 13.8(0) by courtesy 
Ford Instrument Co., New Vork. 
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are sometimes used ; these give rise to good transductor charac- 
teristics but are expensive to wind. The following method of 
winding is the most effective.’ A pre-formed bobbin is split 
and then reassembled over the core as shown in Figure 13.7b. 
The bobbin is then rotated on rollers and the wire fed on as shown 
in the figure. This method of coil assembly is not sufficient 
improvement over the laminations in Figure 13.5 to warrant its 
extensive use. The photographs in Pigures 13.8 and 13.9 show 
various transductor assemblies using small laminated cores and 
cut ““C”’ cores respectively. 


13.15 Composite Cores 


Cores composed of two different materials often give rise to 
useful properties.“ A particular example of this is a core in 
which there is one closed iron circuit formed of U’s and I’s, the 
U’s being of silicon iron and the J’s being of nickel iron (mumetal). 

At flux densities below the saturation of the J, this limb has a 


el a 
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Figure 13.10. Magnetization curve obtained for composite core. 
(a) Silicon iron core. 
(6) Composite core. 
(c) Characteristic of silicon iron core. 
(d) Characteristic of composite core. 
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higher permeability than the U, but after the J limbs have 
saturated, their reluctance becomes very large and virtually 
determines the total reluctance of the circuit. 

If we consider a closed core of silicon iron (gure 13.10a) 
and plot the relationship between flux and m.m.f. for this core, 
the resulting curve (c) is obtained. If the iron circuit is broken, 
however, and a small length of easily saturable material (mumetal) 
is placed in the gap (Figure 13.106), then at the value of m.m.f. 
for which the mumetal saturates, the reluctance of the circuit is 
virtually decided by that of the bridge and the curve shows a 
sharp saturation at this value of m.m.f.; the resulting curve is 
therefore given by (d) in Figure 13.10. If the sectional area and 
permeability of the materials are denoted by a and p respectively, 
with suffixes as shown, then the total reluctance S, of the magnetic 
circuit is equal to the sum of the two individual reluctances thus : 


ab (1 — a«)l 
go eee Ne 
Ambm A [ds 


where / is the total length of magnetic path and « the fraction of 
this length occupied by the bridge. The total reluctance S, may 
be written in the form 


Ces fi (+= etn yy (18.1) 


Any .« ' dois i 
If the ratio of the areas — is made sufficiently small it is 


theoretically possible for the total circuit reluctance to be deter- 
mined solely by that of the bridge, and since the bridge is of 
mumetal, the whole core will tend to exhibit the properties of 
mumetal although the greater part of the core is of silicon-iron. 
The main advantage of this arrangement is that a core built 
in this way is comparatively cheap due to the small amount of 
nickel-iron involved ; at the same time, adequate winding area 
is provided by closing the magnetic circuit with a comparatively 
inexpensive material. 

The disadvantage of this type of core is that in order to 
obtain a low reluctance the silicon-iron limbs must have a 
large sectional area to compensate for their comparatively low 
permeability and greater length of path ; the ideal core, therefore, 
tends to be somewhat bulky. In practice, however, reasonable 
results are obtained with a core in which the U is double the area 
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of the I portion or even is of the same area. Experimental magneti- 
zation curves in Figure 13.11 are plotted for this latter condition. 
Curve (a) shows the A.C. magnetization curve for a silicon-iron 
core, curve (b) is plotted for a mumetal core, while curve (c) is plotted 
for a composite core in which the mumetal bridge has the same 
sectional area but approximately one-quarter the length of the 
core composed entirely of mumetal. 


= 


Mean voltage, 


40 80 120 mA 
Mean alternating current,la 


Figure 13.11. A.C. characteristics with composite core. 
(a) A.C. characteristic of silicon iron core. 
(b) A.C. characteristic of mumetal core, 
(c) A.C. characteristic of composite core. 
(d) Assembly of laminations in composite core. 


The only reason for having a large length of path is to provide 
adequate winding area; this consideration therefore fixes the 
useful path length. Thus, when computing the B/H curve for 
the composite core the total length of the magnetic circuit is 
taken to be the same as in the homogeneous mumetal core although 
the actual length of mumetal is only one-quarter of this value. 

A practical form of construction for this type of core is shown 
in Figure 13.11d, where the J’s are mitred to fit the U’s at one 
end, the mitre occurs on alternate sides in successive laminations 
as shown. 


13.16 Core Geometry 


(a) Core area. The core area, denoted by the symbol a, refers 
to the effective area of iron embraced by one a.c. winding. The 
insulating medium usually contributes appreciably to the total 
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core area and is of course ineffective. Allowance for insulation 
can be made by assuming an average coating thickness as specified 
by the manufacturers and then allowing for this when measuring 
the total depth of core stack. The depth of core stack cannot 
be obtained accurately by assuming each lamination to have a 
certain thickness and then counting laminations. This is because 
lamination thicknesses are liable to vary by as much as 20% 
from the nominal value. Direct measurement of the core by 
means of a ruler is subject to an error of about 10% for smaller 
core sizes. In the case of a laminated core an accuracy of about 
4°%, can be obtained by weighing the core and determining the 
total volume from the specific gravity. Dividing by the 
surface area of a lamination gives the effective depth of stack 
from which the effective area can easily be obtained. Since the 
weight of insulation is negligible in comparison with that of iron, 
the error due to neglecting it is unimportant. Furthermore, the 
surface dimensions of a lamination are accurately known to much 
closer limits than are necessary. In the case of a toroid the total 
volume may also be obtained by weighing; the effective area is 
then given if the volume is divided by the total length of path 
(i.e. the mean of the outer and inner circumferences). The effec- 
tive core area determines the supply voltage, and this relation, 
determined by equation 2.10, is a comparatively accurate one ; 
it is therefore worth while to have a knowledge of the core area 
to within about 5%. 

(b) Length of magnetic field. The mean length of magnetic path 
is usually determined by straightforward measurement ; its 
effective value varies slightly, but since it occurs in the amplifica- 
tion equations, and these are only approximate, its accurate 
assessment is seldom justified. 

(c) Mean length of turn. The mean length of turn of each 
winding is required in order to determine the winding resistance. 
For a given winding it depends upon the average of the length of 
each turn in the first layer to the length of each turn in the last 
layer. It can usually be assessed to an accuracy of about 15%, 
which is usually adequate. The various paths taken when 
assessing the mean length of turn are defined in Figure 13.12 ; 
it is seen that the mean length of turn for the a.c. and control 
windings depends to some extent on the relative space occupied 
by these windings. Also that the total length of control winding 
is slightly less in the single unit construction (a) than in the 


376 


Construction and Design of Magnetic Amplifiers 


double-unit construction (6). It is less still, however, in the 
three-imbed construction (c), and the lower weight of the copper 
in the last, together with the compact arrangement, often makes 
it preferable for large transductors. When using the single-unit 
construction the mean length of turn for the control winding is 
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Figure 13.12. Mean lengths of turn for various types of core. 
(a) Single-unit construction. 
(6) Double-unit construction. 
(c) Three-limbed construction. 
(2) Typical section of windings on toroidal core. 


approximately twice that of each a.c. winding and may be taken 
as being so for practical purposes. 

When using toroidal cores, the crowding together of the wind- 
ings as they go through the centre of the toroid leads to a non- 
uniform shape of the winding section as shown in Fugure 13.12d. 
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(d) Available winding area and space allocation of windings. 
Ultimately the available winding area for a core can be increased 
only by increasing the magnetic path length, since the core must 
embrace the windings in a plane at right angles to the core section. 
In general, however, bobbins, insulation and imperfect winding 
usually account for nearly half of the available winding area. In 
order to assess the number of turns which will pack into a ziven 
total area the following procedure is adopted. Measure the total 
available area and subtract the estimated space taken up by the 
bobbin (if used). Of the remaining space allow a factor of 0-2 to 
0-3 for imperfect winding and interlayer insulation and then 
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Figure 13.18. Section of windings showing wastage due to imperfect winding 
and insulation. 

assume that the insulated turns lie evenly in the remaining area 

as shown by the drawing in Figure 13.13. 

There is no fixed rule which governs the proportion of space 
allocated to the control and a.c. windings. In transductor 
designs the relative space occupied by the control and a.c. wind- 
ings is usually governed by the individual turns and impedance 
values required. 

In large units a high efficiency is more important than a high 
gain, and in such cases it is permissible to allow the control 
windings only 10° of the total winding area provided the trans- 
ductor is auto-excited. 

In cases where neither self- nor auto-excitation is used, however, 
ampere-turn balance exists between the control windings and the 
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a.c. windings. Therefore, assuming the a.c. winding area is fixed 
by thermal rating, the control windings will require to occupy at 
least the same area in order to avoid local heating. 


13.17 Core Material Constants 


The design of a magnetic amplifier usually proceeds by com- 
bining the various known constants for the core with the genera- 
lized control characteristics for the material under consideration. 

In magnetic amplifier technology the magnetic parameters of 
the core have a rather specialized significance. Thus while the 
saturation flux density of mumetal is between 0-7 and 0-8 webers 
per square metre, this value is much too high to use in magnetic 
amplifier design work for which a value between 0-5 and 0-6 is 
more appropriate (section 2.6). 

The saturation density gives a fairly precise relationship 
between the mean supply voltage, the core area and the a.c. 
windings. In addition, the current amplification depends, as we 
have seen, upon the mutual inductance M,, which is proportional 
to the slope of the magnetization curve over the working range. 
For a particular core this is given by the total core reluctance S, 
but it may also be defined in more general terms by the gain 
permeability (p. 104). This is assessed by measuring the control 
characteristics of a large number of transductors using cores of 
the same material but different dimensions and hence deriving a 
suitable design figure for the gain permeability. 

In design work some knowledge of the final shape of the amplifier 
characteristic is also desirable. This may be specified in terms 
of a linearity ratio which is defined as the proportion of the total 
range over which the amplification never decreases below a 
certain fraction of the maximum amplification. Alternatively, 
it may be assessed for a particular problem by inspection of the 
generalized control characteristics. | 

The latter method of predicting the linearity of an amplifier 
characteristic is the more useful owing to the fact that linearity 
requirements vary from one application to another and, therefore, 
if the linearity is specified for any given problem, the expected 
working range can be assessed from the generalized curves. 

Although the saturation density primarily affects the maximum 
output of a transductor, it also influences the gain and the linearity 
of the characteristic as described in section 5.11. Bearing this in 
mind, an optimum design figure for the saturation density has 
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been found. For most of the commonly used materials, and 
within certain limits, this fixes the gain permeability and linearity 
applicable to a given core material. 

Approximate values for these design parameters are listed in 
Tables 2, 3 and 4 for some materials at various frequencies. It 
will be noted that figures are not available for the silicon-irons at 
the higher frequencies. The losses are excessively high under 
these conditions, and the transductor will not operate satisfac- 
torily. The amount of information is therefore limited and not 
of sufficient value to quote design figures. 

Finally, it must be remembered that these constants, parti- 
cularly the gain permeability, are subject to considerable variation 
from one batch of material to another, and for this reason the 
figures quoted for the gain permeability are somewhat conserva- 
tive, and in general the amplification tends to be greater than the 
calculated value, thereby giving the necessary margin for final 
adjustment (sections 5.7 and 5.8). 


13.18 Core Size and Maximum Output 


One of two factors limits the maximum output which may be 
obtained from a given transductor. Usually the maximum 
permissible output is limited by the temperature rise which can 
be tolerated. In this case the surface area of the coils must be 
sufficient to dissipate the heat, and the current density in the 
windings must not be so great as to cause large internal tempera- 
ture gradients leading to the existence of local hot spots. For 
small units operating at low frequencies, however, it is not possible 
to dissipate more than a certain amount of power in the a.c. 
windings due to the high internal impedance. 

The internal impedance limitation may be seen on the basis of 
the current density in the windings, for if the core size is fixed, 
the maximum voltage which can be applied to the a.c. circuit is 
fixed by the number of turns and this determines the internal 
resistance. If a larger voltage is to be applied to a given trans- 
ductor, more a.c. turns must be wound in the same available area 
in order to maintain the correct flux density. Thus the a.c. 
winding resistance will increase and it will do so in such a way 
that the current density at maximum output is the same. If, 
however, the supply frequency is increased the internal resistance 
applicable to a given core area may be reduced with the result 
that the current density goes up. Ultimately this will cause 
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heating ; the current density and temperature rise then become 
the limiting factors. 

Thus there is a limit to the current density which can be 
produced in any transductor, and for small units at low supply 
frequencies this limit is below the maximum permissible. There- 
fore transductors having cores below a certain size cannot over- 
heat. This may be shown for an auto-excited transductor from 
the following considerations. 

The maximum applied voltage is given by 


EH, = 4B,aN,f. 
If the resistance of the rectifiers is ignored then we have the 


: T ow 
total circuit resistance R, equal to —““~- where 7 is the mean 


=" Cae) ae . 
R and r,,, 1s the internal resistance 
a 


equal to the resistance of one a.c. winding. Hence the r.m.s. load 
current at maximum possible output is given by 


4:44 Bal ,f 
Sore Say) 
Taw 


(since at maximum possible output the current is sinusoidal its 
form factor is 1:11). 

In an auto-excited transductor this current flows in alternate 
windings every half-cycle and the power continuously dissipated 
in the transductor is 


a aw 


R 
power efficiency a = 


1-11 %,, 
(1-11 7,27 


therefore the power in each winding is 
(el) 24 75 


aw 


2 
and therefore the effective (r.m.s.) value of either coil current is 
l1l_ 4-44 Baa f 


4/2 eg = 4/2 Tom (1 = 7) 


and the current density is 
4:44 BaN 
feu 
/2 TaySa 
where S, is the wire sectional area. 
Also, if b, is the mean length of turn, 


po Ng 
Sa 


Tow 


Pe 


dsl 


The Theory and Design of Magnetic Amplifiers 


substituting this in the previous expression, the current density 
becomes 
4:44 Baf 
5 7p UL 0) 
/2 pb, 
The mean length of turn 6, cannot be less than 44/a and there- 
fore we have 


B.f(1 — 
current density < 0-79 - ol ”) a/a e ow we 182) 
Pp 


As an example let us take a mumetal cored transductor 
excited at 50 c/s for which the core area is 0-5 sq. cm. and the 
mean power efficiency 50%. 

In this case B, = 0:55 webers/metre? and, since 
p = 1:6 x 10-8 ohms metre, the current density will not exceed 


0:79 x 0:55 x 50 X 0°35 
4/ 0-5 107-4 
1-6 x 1078 as 


= 4:8 x 108 amps/metre? (3,100 amps/in.”). 


Thus even when this transductor is run at an efficiency of 
only 50% it is unlikely to overheat. At a frequency of 
1 ke./second, the core size to give this condition would be 
impracticably small and thus at higher frequencies overheating 
must be prevented by running at a higher efficiency. 

The overall temperature rise in a transductor is governed by 
the rate at which heat is generated and the rate at which it is 
carried away. The maximum rate at which heat is generated 
depends primarily upon the copper losses since the iron losses in 
a transductor at maximum output are usually comparatively 
small (section 13.5). In the absence of forced cooling by means 
of oil or air the rate at which the heat can be dissipated depends 
upon the surface area of the coils, and if a bobbin is used then it 
is only permissible to consider the cylindrical surface area, as 
the end surfaces are usually ineffective due to the heat-insulating 
properties of the bobbin ; this fact is a point in favour of using 
preformed windings without bobbins, thereby leading to better 
cooling properties. 

In order to give some guide as to the temperature rise, the 
curve in Figure 13.14 shows the expected temperature rise plotted 
against the power generated internally per square inch of 
radiating surface. 

Jt is seen that for temperature rises up to about 50° C. the 
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relationship is linear and corresponds to 1° C. for -006 watts per 
square inch. 


TRANSDUCTOR DESIGN 


13.19 Design Procedure 


Having decided that a magnetic amplifier is to be used for a 
given application, the next problem is to determine the type of 
circuit which will be most suitable and the core materials and 
rectifiers to give the best performance taking into account the 
general need to maintain prices at a competitive level consistent 
with obtaining satisfactory results. 

(a) Circuit. The decision regarding the circuitry is usually a 
fairly easy one depending, as we have seen, partly upon the 
required zero stability and time-constant, but primarily upon the 
type of output required (e.g. push-pull or single-sided) and the 
method of connection to the load (e.g. centre-tapped or two- 
terminal). As has been pointed out, a high power gain invariably 
demands the use of auto-excitation or self-excitation for which 
trimming is generally necessary after manufacture. If response 
time is not important and the required power gain is small, then 
it is probable that, for large transductors, the best performance 
in respect of output for a given size and stability of character- 
istics will be obtained by using a series transductor without 
self-excitation, particularly if the output requirements are consider- 
able and a low cost is desirable. 

When using auto-excited transductors which require to have a 
gain stability of better than about 5% for + 10% voltage and 
frequency variations it is necessary to use negative feedback over 
one or more stages of push-pull amplification. In this case the 
internal gain must be large enough to allow the use of feedback 
and at the same time retain sufficient overall gain to meet the 
existing specification; for this reason it is often necessary to employ 
more than one stage of amplification when negative feedback is 
used. 

(b) Core. Having determined the overall requirements and 
settled upon the amount of power gain needed per stage of ampli- 
fication, the next question is to decide upon the type of core 
material to be used. If the supply frequency is low (say 50 c/s), 
then for small instruments having a large gain, H.C.R. or Deltamax 
cores are generally the most suitable on account of the high 
saturation flux density. For higher supply frequencies (say over 
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400 c/s), however, losses become more significant, and if a good 
zero stability is required then the use of mumetal or even 
supermalloy is advisable. The problem of choosing between 
H.C.R. and mumetal is essentially one of weighing up the high 
saturation flux of the former against the higher gain and better zero 
stability obtainable with the latter. Grain-oriented silicon-iron 
cores are generally used for the larger outputs where nickel-iron 
would be uneconomic, but they are not satisfactory at frequencies 
over 400 c/s. on account of the iron losses which then become 
excessive. 

(c) Rectifiers. The type of rectifier to be employed has hitherto 
depended primarily upon the supply frequency, but the rapid 
development of silicon crystal junction rectifiers capable of 
operating at high ambient temperatures and comparatively high 
frequencies is showing that in magnetic amplifier work these are 
likely to be superior in all respects to the less consistent selenium 
or copper oxide types. The load rectifiers, however, are not 
critical, and again on economic grounds the choice might well 
fall on the latter types of rectifier, particularly when dealing with 
large outputs. For auto-excitation however, crystal rectifiers 
are much better, germanium being quite satisfactory up to 50 
or 60° C. and silicon well over 100° C., and probably as high as 
150° C. 

(d) Efficiency and total resistance &,. The design of a complete 
stage of amplification should now be broken down to the design 
of two single transductors each operating into a certain a.c. circuit 
impedance. If the device is a push-pull amplifier then, depending 
upon the type of summing circuit used, each transductor will be 
operating into an equivalent load as discussed on p. 275. 

In the case of a single-sided transductor or one employing 
magnetic summing, the total a.c. circuit impedance consists of 
the load, the winding resistance, the rectifier forward resistances 
and power source impedance, and this total is arrived at by fixing 
initially on a reasonable circuit efficiency. As has been pointed 
out earlier in this chapter and on p. 40, a high efficiency is 
generally applicable to output stages or transductors operating at 
a high supply frequency, but small units at 50 c/s. may run at 
an efficiency as low as 50% and thus reap the advantage of a high 
power gain from a given core size. Thus, having fixed on a rea- 
sonable mean power efficiency 7, the total circuit resistance f, is 
given by 
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Ree 


where the load R, has presumably been specified. 

(e) Supply voltage and a.c. turns. Having fixed upon the circuit 
resistance ,, the maximum possible value of the mean trans- 
ductor current 7,, is determined from the maximum specified load 
current and therequired degree of linearity which will either be speci- 
fied or must be assessed for a particular application. Alternatively 
one can use the generalized control characteristic (section 5.13) 
applicable to the appropriate frequency and core material. 
Knowing the maximum required change of working load 
current, the saturation current 7,, is determined, since the latter 
will bear a fixed ratio to the working current for a given linearity 
factor. The maximum possible load current may be obtained by 
either of these methods, and since it flows when the transductor 
is completely saturated, its value is #,,/R,. The required supply 
voltage is therefore immediately obtainable. 

Thus the mean supply voltage, the frequency and the saturation 
density are now known and the product of the core area and a.c. 
turns may be calculated as a single quantity thus : 


ae kfB a Ky . * ° (13.3) 


where k = 4 if the auto-excited (parallel) connection is used 

and & = 8 for the series connection. 

(f) Current gain. The current gain will be specified either 
directly or in terms of voltages and impedances, and information 
regarding the control circuit is obtained from the specified current 
gain. Thus if the transductor is without self-excitation, the 
current gain gives the ratio of control turns to a.c. turns directly 
(making an allowance of 4% to 5% for non-linearity). Other- 
wise the amplifier is likely to be auto-excited, in which case the 
standard equation is used, i.e. 


loM 
known current gain = - pas 
oR. 


2f paN N, . 
ay 
The product aN, has already been calculated and the gain 
permeability » is a constant for the material (see Table 2), thus 
the value of V,/1 may now be found. 
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(g) Current density and wire sizes. The wire size for the a.c. 
windings is now estimated after fixing on a safe value for the 
current density. When considering themaxtmum current density it 
is necessary to use r.m.s. values and the form factor will be between 
1-11 and 1-56. Small units up to about 5 watts output can 
generally be rated at 4,000 amps. per square inch continuous rating, 
or even higher, but for larger output transductors this is much too 
high and 2,000 amps. per square inch is usually the upper limit. 

The permissible current density and the load current require- 
ments fix the minimum wire size, and if the diameter of this wire 
over the insulation is d, then assuming perfect winding, the area 
occupied by the a.c. windings will be 


Ay =a Nd", 
d2 
Thus from 13.3 AL es a » . « (13.4) 


At this stage is may be found that whereas the winding area and 
wire diameter are most conveniently measured in square inches 
and inches, the core area will be in metric units. Provided the 
distinction is noted and the various units are kept separate, no 
trouble need be encountered, as will be seen in the numerical 
examples. 

A core is now chosen having a winding area and sectional area 
which is consistent with the relation A, = K,d?/a, bearing in 
mind that allowance must also be made for the control windings 
and a reasonable overall winding space factor. Having chosen 
the core, the length of iron circuit / is established and hence the 
control turns. The resistance of the control windings will be 
specified either by matching or time-constant considerations. 
Thus, knowing the number of turns and an approximate value 
for the mean length of one turn, the gauge of wire is fixed by the 
control winding resistance requirement, and from this the ideal 
winding area A, is calculated. A certain percentage of this space 
(about 5% or 10%) should be added for bias windings and finally 
an overall space factor (say 0-7) is allocated. The total required 


winding area will in fact be given by (4, + A, + A,) and if 


° O° 
the total winding area of the chosen core is less than this then a 
new choice must be made. In the case of toroids or C type cores, 
the complete core must be chosen nearest to the actual require- 
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ments, but if a laminated core is used the exact core size can be 
obtained by slight adjustment of the iron area and hence the 
number of a.c. turns. 

(h) Temperature rise. All the information is now available, 
and it only remains to evaluate the a.c. turns from the core area 
and K,, and to calculate the approximate resistance of the a.c. 
windings and hence the copper losses in watts. The approximate 
temperature rise can be estimated from the surface area and the 
curve in Figure 13.14. Ifthe temperature rise is excessive then it 
implies that the core size is not limited by the current density, 
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Figure 13.14. Curve relating temperature rise to the heat dissipation per unit 
area. 


but by the overall copper losses and a certain maximum a.c. 
winding resistance must be the limiting factor ; this will therefore 
necessitate choosing a larger core and repeating the calculations 
in (g) above. Alternatively, if laminations are being used the core 
area can probably be increased, thereby reducing the a.c. turns 
by a certain ratio and their resistance by the square of this ratio 
since the winding area will remain the same. 

Having designed the transductor on the basis of a certain 
power gain, the time-constant will already have been estimated 
roughly. The actual frequency response can be considered taking 
into account the factors discussed in Chapter 8; this is done in 
the last numerical example. 
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13.20 Design of a Transductor to Handle 750 Watts 


A transductor is required to control the voltage of a d.c. 
machine by varying the field current. The resistance of the load 
(motor field) is equal to 30 ohms under running conditions and 
the field current requires to be varied from -5 amps. up to 5 amps. 
for a change of control current from zero up to 250 mA. The 
input impedance should be less than 300 ohms. ‘The mains supply 
frequency is 50 c/s. 

In this case the mean power gain required is approximately 


equal to 
E "x 30 +4 
25 300 


Since this is not very large and good linearity is obtained by using 
a simple series transductor without self-excitation, this will be 
taken as an example of the design of such an amplifier. The total 
d.c. output required is equal to 750 watts and a large silicon-iron 
core will therefore be the best proposition. 

(a) Kstumation of mean supply voltage. Firstly it is necessary 
to know the mean supply voltage. Assuming the transductor to 
have a high efficiency, most of the supply voltage will be developed 
across the load at maximum output, only a small proportion 
appearing across the a.c. windings and rectifier. For this reason 
it is adequate to establish the mean power efficiency #,/R, in order 
to derive the required supply voltage sufficiently accurately. 

Therefore, taking a reasonable value of R,/Rh, to be 0:85, gives 
the total circuit impedance thus : 


30 
c= 0-85 = 35:30hms . : ; (13.5) 
Since the transductor is not auto-excited the linearity should 
be good almost up to maximum output and a factor 0-90 is taken 
as the ratio of the maximum useful load current to the maximum 
possible load current. This gives a maximum possible load 


current 


| 


5-55 amps » »« « (13.6) 


Hence the mean supply voltage must be sufficient to drive this 
current through the total a.c. circuit resistance : 
Es = 85:3 X 5:55 volts 
= 195 volts mean = & va Whe} 
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(b) Core area and a.c. turns. If a Crystalloy core is used the 
maximum flux density is approximately 1-10 webers/sq. metre 
(11,000 gauss). From the basic equation for a series transductor 
(equation 2.10) we therefore have | 


E 4s = 8BaN f 
i.e. 195 =8 x 1:10 x aN, x 50 
giving aN , = :442 turns metres? (4,420 turns cm.”) (13.8) 


(c) Thermal ratings and core size. In order to ensure that the 
transductor is not overrun, the surface area must be sufficient to 
radiate the heat generated internally due to copper losses. Local 
hot spots are avoided by ensuring that the current density in the 
a.c. windings is not excessive. A reasonable current density for 
the present design would be 2,000 amps. per sq. in., and for a 
maximum current of 5amps.mean (approximately 5-55 amps.r.m.s.) 
this requires 16 s.w.g. copper wire. 

When choosing the core consider the core area and its 
influence on the winding area (equation 13.4). Bearing in mind 
that the useful a.c. winding area will at most be only 0-7 to 
0-8 x 4 (total area), a possible core size is selected from a list of 
sizes. In this case a crystalloy C type core is chosen, No. XZ 371015 
(English Electric catalogue), and two such cores will be used for each 
a.c. winding. From published data the core area a= -00145 sq. m. 
(14.5 sq. cm.) 

4.42 
*  -00145 
= 300 turns (approx.) . (13.9) 
With this core the mean length of turn for the a.c. windings will 
be approximately 8 in. 

Thus the total length of wire in the two a.c. windings is approxi- 

mately 


giving from 13:8, 


2X 300 Xx 8 
36 
which has a resistance of 0:88 ohm. At maximum current the 
power to be dissipated from these windings is therefore equal to 

(5 X 1.11)2 X 0-88 watts 
= 27 watts. 
(d) Winding areas and control windings. The actual area 
occupied by the a.c. windings on each core will be 
300 X (insulated wire diameter)? 
= 300 x (0-064)? = 1-23 sq. in. 
389 


yd. 


The Theory and Design of Magnetic Amplifiers 


Allowance has been made for the wire insulation and the space 
lost due to the fact that the wire is circular; thus, assuming the 
wire is evenly wound, an additional space factor of 0-8 should be 
adequate. The actual space required for the a.c. windings will 
therefore be 

1-23 

= Le Sq.n. 

0:8 

The total winding area available on this particular core is 

4-8 sq. in., thus the space available for the control windings is 


4-8 — 1-54 = 3-26 sq. in. 
Assuming the same space factor is applicable to the control 
windings, the “ useful ” winding area is equal to 
3:26 X 0-8 = 2°61 sq. in. 
The required current gain = 20. 
Therefore the control turns are given by 
300 x 20 = 6,000. 
Allowing approximately 5% extra for loss of current gain due to 
slight non-linearity 
gives N, = 6,300 turns a &. we ETSLIO) 
The square sectional area occupied by each turn of the control 
windings is 
2-61 
—— _§ 
6,300 
and the wire diameter is therefore 
2.61 
J ——— = -(02 in. diameter, 
6,300 
Le. 26 s.w.g. 


Get: 


Taking the mean length of turn for the control windings to be 
16 in., the total length of wire is 


#300 X18 _ sop yd 
Using 26 s.w.g. copper wire, this has a resistance of approximately 
236 ohms > » » (bedd) 
Therefore the useful power gain is 
lel x ee 4. (18.12) 
25 236 
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(c) Thermal considerations. The power dissipated in the control 
windings at maximum input is equal to 236 x (0-25)? = 14-8 
watts. The total copper losses which occur at maximum output 
are therefore given by the sum of the power dissipated in the 
control windings and the power dissipated in the a.c. windings, i.e. 


27 + 14:8 = 41-8 watts. 


The approximate temperature rise can now be estimated from 
the watts dissipated per unit surface area by means of the curve 
in Figure 13.14. 

In order to conserve space and facilitate cooling, pre-formed 
coils should be used without bobbins. 

With this particular core the total final surface area will be 
approximately 180 sq. in., giving a surface dissipation of about 
0:23 watt per sq. in., which corresponds to a temperature rise of 
38° C. 

(f) Rectifier. A bridge rectifier is required which will pass a 
current of 5 x 1-11 amps. without heating and withstand a peak 
reverse voltage equal to 

1957 
a 310 volts (peak). 
Using double voltage selenium elements, the peak reverse voltage 
permissible is 42 volts. Therefore eight elements will be required 
per arm of the bridge. A suitable rectifier element can be selected 
from a maker’s catalogue, e.g. Westinghouse size 2 which are 
3 in. <X 3 in. elements. 

Allowing a forward voltage drop of 1-3 volts r.m.s. per element, 
there are sixteen elements in the current path, giving a total 
voltage drop of approximately 21 volts and therefore an effective 
resistance equal to 


—— = 3:8 ohms e. see oe (13.13) 


(9) Efficeency. Having calculated the a.c. winding resistance 
and the rectifier losses, the mean power efficiency can now be 
estimated. 

Total circuit resistance 


R, = 30 + 0-88 + 3-8 = 34.7 ohms 
giving a mean power efficiency of 87%. 


(Strictly speaking, the supply voltage should now be recalcu- 
lated on the basis of this efficiency, nevertheless the supply voltage 
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need not be accurate to much more than 5% and hence the figures 
already obtained are quite good enough.) 

(h) Circuit amplification and time-constant. On the basis of 
the effects described in Chapter 8, the unself-excited transductor 
with inductive load approximates dynamically to a second order 
system having a tendency to oscillatory response. Assuming the 
load to be purely resistive, however, the response time can be 
estimated from the circuit amplification. The circuit power 
amplification is (R,/R,)G?. 

Thus if the control source is assumed to be 200 ohms, for 
example, 

35 


h G, = — xX 400 = 32 
we have > 136 x ; 
and the response time will not be less than 
G 
if en, seconds = 0:16 seconds . . (13.14) 


(1) Magnelizing current and tron losses. The total magnetizing 
current may be found from the manufacturer’s specification, which 
quotes it as about 0:5 V.A. (r.m.s.) per lb. of core at the working 
flux density, added to the magnetizing current appropriate to an 
air gap of -00125 in. (3-17 x 107° metre). 


Magnetizing current for core 
Weight of core is 6-86 lb. 

0-5 x 6°86 
OS: 195. (e112 
(since the voltage across each a.c. winding = 195 x 0-5 volts mean, 
equation 13-7.) | 


current is equal to == 28:7 mA. (mean) 


Magnetizing current for air gap 
1 
field H = 1-10 webers/sq. metre x —— 
therefore magnetizing current due to air gap 


_ L110 x gap 1 


; amp. 
dN Mair 
IOs 317 xls Oe 
Se ee OD A 
300 4 
Therefore total magnetizing current = 12077 mA, 
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The iron losses will be about -38 watt per lb. giving an iron loss 
equal to 2-6 watts per core. Thus the total loss of 5-2 watts will 
easily be dissipated without undue heating since the copper losses 
are negligible when the iron losses have this value. 

The mean loss current corresponding to this power and consider- 
ing both cores is 

52 
(1-11)2 x 195 
Thus the total current flowing for zero control is 


/ (120-7)? + (22), 
= 123 mA. 
(Note: In order to obtain the required load current of 0-5 amp. 
for zero control it may be necessary to provide a small bias 
winding supplied from a constant d.c. source.) 


— 29 mA. 


13.21 Design of Push-Pull Magnetic Amplifier with Negative Feedback 


A recording instrument is required to record voltages from 
— 0-5 volt to 0-5 volt from a source impedance of 50 ohms. The 
recorder operates over its full scale for an input of 50—-0—50 mA 
and has an impedance of 500 ohms. A magnetic amplifier is 
required to amplify the signal voltage to a level suitable for 
operating the recorder. The accuracy of measurement of the 
recorded voltage must be to within 1% with an additional allow- 
able zero error not greater than 5 millivolt. (Supply frequency = 
4.00 c/s.) 

Assuming the input winding resistance will be approximately 
equal to 50 ohms, the useful power gain required will be approxi- 
mately 

(05)? x 500 x 50 
( 5) 

This, of course, is very easily obtainable with a single stage of 
amplification. However, a gain stability of 1% cannot be 
obtained under normal conditions and therefore, besides using 
mumetal cores, overall negative feedback will be necessary. 

If the control signal were a current from a high impedance 
source sufficient gain and linearity might be achieved by using 
series transductors without self-excitation and this would be a 
reasonable approach. In the present instance, however, the 
control circuit must be stabilized against resistance variations 
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due to ambient temperature changes, since with a low impedance 
signal source variations of resistance will vary the control current. 
For this reason negative voltage feedback after auto-excitation 
is a better arrangement. In this case a voltage proportional to 
the load current is fed back into the control circuit in series with 
the control voltage. 

The zero stability will not be influenced by the negative feed- 
back and that specified corresponds to an input current of 


*005 
amp. 
ae 
“005 
See 5 x 10~° amp. control current. 


In a winding of 50 ohms this corresponds to a power level of 
(5 x 10-5)? x 50 watt 
= ]-25 x 10-* watt. 


Since the normal zero stability for a push-pull amplifier is about 
10-8 watt (Chapter 10), the required accuracy of 5 mV. will be 
possible. 

The circuit diagram of the amplifier will be that shown in 
Figure 11.17 (since no centre-tap is available on the load, the 
voltage summing circuit will have to be used ; the characteristics 
of this circuit were discussed in Chapter 10). 

From the results in Chapter 11 we have, assuming that the 
internal current gain is large, 


fie 


- ke 10 ohms,* 
tr, “05 
therefore, for maximum sensitivity in respect of zero stability 
(section 11.23) the total resistance of both control windings will 
be (50 + 10) ohms, i.e. 30 ohms per winding. 

(a) Current gain required. ‘The required current gain can be 
estimated from the amount of negative feedback necessary to 
maintain an accuracy of 1% on the basis of about 10° accuracy 
without feedback. ‘Thus if the load current per unit control 
voltage of the overall amplifier is 


G,/(R, + 1) 
1 ap ? o7G',|(L, re tog) 


* The feedback resistor 7¢¢ must be preset since its final value, although 
approximately 10 ohms, must be fixed by the gain requirements of the amplifier. 
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ve hae dinlHe) _ 84, 
; aN ae = 

1,/f, G, 1 = P74 ,/(R, a 5) 
now the overall accuracy is required to be 0-01 therefore, assuming 
that on open loop the accuracy, dG':/Gi, is approximately 0.10, 
we have 


(see p. 309) 


O-1 
0-01 = 
] ap 1 7G y/ (Re, ai ot) 
giving og, /( Bi, Ss ot) = 9, 
so that G; must be at least equal to 
12 
es 4 == 108 
10 


(since the control winding is 60 ohms and is matched to the ex- 
ternal circuit and source, the total will be 120 ohms). 

Thus the required current gain of the amplifier on open loop is 
determined by the accuracy specified rather than the required 
closed loop gain. The latter is determined almost entirely by the 
resistance 7, which must therefore be temperature stable. 

(b) Calculation of carcuit impedances and maximum transductor 
current. The total output required is equal to 

(-05)2 x 500 watts = 1-25 watts 


and therefore each transductor will need to be capable of hand- 
ling a power output between 9 watts and 18 watts, according to 
whether the internal resistance is large or small (see Figure 10.4). 

Therefore, in order to limit the overall power requirements, the 
internal resistance will be made as small as possible and a figure 
of r, = 0-1 #, will be aimed at. 

Curves (a) in Figure 10.4 show that the optimum value of 
summing resistor R, is approximately equal to the load for 
maximum efficiency. When maximum output is being delivered, 
one transductor is almost cut off and therefore the other trans- 
ductor is supplying a total load consisting of R, in parallel with 
the series combination of R, and R, as shown in Figure 10.175. 

Thus the total transductor current 7, under these conditions is 
given by 


Ry, 5 2h, = 
nr ae 
$ 
and since Rk, = R, represents a reasonable compromise (section 
10.5), we have 
1, (max) = 150 mA. 
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(c) Mean supply voltage. The mean supply voltage is now 
calculated on the basis of the maximum possible current (where 
maximum linear current is 150 mA.). The total circuit impedance 
referred to one transductor with the other cut off is equal to 


Rk, i R;) 
Rk, + 2k, 


oR, 
3 


a 


— 50 + = 383 ohms. 

Assuming a linear range extending over one-half the total range 
the maximum possible output for complete saturation will be 
300 mA and hence the mean supply voltage must be sufficient to 
drive this current through an impedance of 383 ohms, Le. 
115 volts mean. 

(d) Core area and a.c. turns. The product of the core area and 
the a.c. turns will be found as in previous examples from the flux 
density equation. In this case, however, the voltage across a 
summing resistor opposes that causing flux changes in the adjacent 
transductor and hence a voltage uprating is possible as described 
in section 10.6. 

Since, however, the voltage has been fixed, the voltage uprating 
factor will result in a smaller area-turns product than for a single 
transductor. 

The uprating factor is equal to 


R 


R 
R — 2) 
ptr Get 
500 7 
500 +50 x3 | 


1+ 


ot 1-77, 


Thus we have the actual supply voltage H,, given by 


E, =1:77 x 4BaN ,f 
and since saturation density for mumetal is 0-55 webers/m.? 
(5,500 gauss) this gives 
115 
N, = ————_ turns/metres? 
ON a = FTF x OBB x 400 “™S/metres 
= 0-075 turns/metres? 
(750 turns/cm.?), 
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(ce) Control turns and core length. The current gain of a push-pull 
pair with voltage mixing (equation 10.6) is equal to 


2 wM ., _ 20M,, 
i, 
the required current gain is at least 108 
4 x 400 N 
that es N — —. 108 
so tha 650 eh a ae 
and since aN, = 0-075 turns/metres? 
An 
d taki = ee 10° 
and taking ps Or x 
a N, 100 x 650 x 10? 
this gives ah 
l 4a X 10° x 0-075 X 4 x 400 


= 4,300 turns/metre = 43 turns/cm. 


(f) Rectifier considerations. In this particular case the load 
rectifier will consist of a bridge, each arm of which contains a 
germanium element (e.g. B.T.H. No. G.J. 3-D). Each auto- 
excitation rectifier will also comprise one of these elements. 
Taking a forward voltage drop of approximately 0-5 volts mean 
per element, we have a total circuit resistance due to the rectifier 

3 xX 05 
of 

0-150 
winding must not be greater than 40 ohms since the total internal 
resistance 7, must be less than 50 ohms (from (6b) ). Assuming a 
current density of 2,000 amps. per sq. in. is allowable, a minimum 
wire size can be calculated on the basis of the maximum r.m.s. 
transductor current. 


ohms = 10 ohms. ‘Thus the resistanee 1,,, of each a.c. 


7, (max) = 150 mA. 
taking the form factor equal to 1-4 
the r.m.s. current is 1-4 « 150 mA. 
and the power generated in one winding will be 
(1-4 x 0-150)? 
9 Taw 
since the current flows every other half-cycle. Therefore the 
r.m.s. current per winding will be 
1-4 X 0-150 
eye 


= 0°149 amp. 
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for which the permissible wire gauge is No. 34 s.w.g. 
(diameter = 0-011 in.). 
The total number of a.c. turns per core is 0-075/a 
(since aN , = 0-075) 
750 : ; 
or = where @ is measured in sq. cm. 
Therefore the total area A; in square inches required for the a.c. 
windings assuming a space factor of 0-7 is 
0 
= 0-011)? 
0-7a aA ) 


(where 0-011 in. is the diameter of the insulated wire) 
A’ = ga Sq. in. 


Taking lamination size 522 we have | = 0-084 metres, therefore 
the number of control turns is 4,300 x 0-084 = 360 turns 
approximately (since N,/l = 4,300). The mean length of turn 
will be 5 in. approximately, and thus the total length will be 


360 x 5 
36 
The total resistance must be 30 ohms per transductor, making a 


total of 60 ohms. 
Therefore the resistance per 1,000 yd. will require to be 


30 
— x 1,000 — 600 ohms. 
50 


yd. = 50 yd. 


This corresponds to 36 s.w.g. (diameter = 0-0093 in.), occupying 
a total area A, given by 


A, = 360 x (0-0093)? sq. in. 
e A, ° 
The actual area occupied A’ is equal to a = 0-044 sq. in. 


Now the total winding area available is 0-28 sq. in. Ifa core 
area of 0°75 sq. cm. is assumed the total winding area will be 
0-174 + 0-044 = 0-22 sq. in. Since the a.c. windings will each 
have 1,000 turns of No. 34 s.w.g., the resistance of each a.c. 
winding on the basis of a mean turn length of 2-5 in. is only 
25 ohms. This is much smaller than the estimated maximum of 
40 ohms and a considerable space is still left available on the core. 
This extra space can be used to increase the current gain and 
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thereby the stability with negative feedback by increasing the 
control turns. 

The winding area available for control windings allowing 0-01 sq. 
in. for bias windings is 

0:28 — (0-173 + 0:01) = 0-097 sq. in. 

This corresponds to a useful area of 0-068 sq. in. which will take 
560 turns of No. 34 s.w.g. having a resistance of 28 ohms. ‘Thus 
the final transductor will be wound on a core of No. 522 lamina- 
tions having a total area equal to 0°75 sq. cm. and 


N, = 1,000 (No. 34 s.w.g.) 
and N, = 560 (No. 34 s.w.g.). 


Final calculations on the temperature rise, etc., now proceed as 
in the previous example. 


13.22 Design of a Magnetic Amplifier Position Servo 


A magnetic amplifier is required to operate a d.c. split-field 
motor (with attached d.c. tacho) for use in a closed loop automatic 
position controller. 

The angular position of the output shaft is transmitted to and 
compared with that of the input shaft by means of rotary position 
transmitters (synchros). The proposed layout is as shown in 
Figures 13.15 and 13.16. 

It is required that the steady-state error shall be not greater 
than an angular misalignment of 4° between the input and output 
(excluding errors in the position transmitters). 

It will be assumed that each component may be represented by 
a linear transfer function of the form K.g(D), where K is the 
steady-state gain of the component. 


DATA 


(1) Motor field. Each motor field has a resistance of 1,500 ohms 
when hot and an inductance of 35 henries. Maximum field 
excitation corresponds to a current of 80 mA. in one field and zero 
in the other. Equal and opposite currents of 40 mA. in each field 
give zero resultant excitation. 

(ii) Motor armature. Stall torque at maximum field current is 
20 oz. in. 

Maximum speed is 7,000 r.p.m. 

Armature moment of inertia, including tacho and allowance for 
gear box, is 2 oz. in.” 
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Armature supply is 28 volts 1 amp. direct current. 

Tacho output = 0-19 volts per radian per second. 

(iii) Position transmission system. Synchros supplied with 
100 volts at 1,100 cycles per second. 

Output impedance from phase sensitive rectifiers = 600 ohms. 

Overall sensitivity of synchros and rectifier 

= 0-2 volts per degree angular misalignment (d.c. output). 

(iv) Power supplies. 180 volts 1,100 c/s for synchros and 

magnetic amplifier, direct current for armature. 


DESIGN oF AMPLIFIER 


(a) Determination of reasonable efficiency. When the supply 
frequency is low it is possible and in fact necessary to design at a 
low efficiency in order to obtain sufficient gain from a reasonably 
small unit. In the present design, however, this is not likely to 
be the case and a high efficiency is desirable. Thus the ratio of 
the load resistance to the transductor internal resistance r, 
should be as large as possible. There are two reasons which make 
this requirement particularly important in the present application. 
Firstly, the power available from the high-frequency supply is 
likely to be limited and thus, if the transductor has a low efficiency 
a large amount of power will be wasted in heating up the trans- 
ductor windings. Secondly, if the load resistance is not a large 
proportion of the total circuit resistance, the supply voltage will 
be considerably higher than the maximum load voltage with the 
result that insulation problems might be difficult. In the present 
example the maximum working load voltage will be at least 
equal to 


0:08 x 1,500 = 120 volts mean. 


Furthermore, the maximum working load current cannot, for 
reasonable linearity, be much more than one-half the saturation load 
current. Therefore the maximum load voltage under conditions of 
complete saturation will be approximately 240 volts. If it were 
possible to make the mean power efficiency 50%, for example, then 
the supply voltage would require to be nearly 500. (It should be 
noted that although the supply voltage must correspond to the 
saturation current, 7,,, the maximum usable current is only about 
one-half this. Nevertheless the given supply voltage must be 
used in order to obtain the characteristic and fix the maximum 
current, half of which will be the limit of linearity.) 
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Thus, in view of the need to conserve power, prevent over- 
heating and avoid insulation problems, a mean power efficiency of 
at least 90°% will be aimed at. 

(b) Determination of required amplifier gain. The amplifier 
gain is determined by the specified steady-state accuracy with 
which the two shafts must be aligned and this in turn is deter- 
mined, as follows, by the opposing torques due to static friction. 
The effect of static friction is such as to require a certain minimum 
armature torque known as the stiction torque before the motor 
will start. This implies that until the differential field current is 
greater than a certain value, usually about 15% of the maximum 
value, static friction will oppose rotation of the armature. The 
differential field current is produced by the error between the input 
and output shafts via the synchros and the amplifier, and the 
magnitude of the field current for a given error depends upon the 
amplifier gain. It therefore follows that for the maximum 
allowable error the amplifier output must be just sufficient to start 
the motor against the stiction torque. 

The overall sensitivity of the synchro system with the phase 
sensitive rectifier is given by 

K, = 0:2 volts per degree, 
and assuming that 15°% of the maximum differential field current 
will produce sufficient torque to start the motor, we have for a 


. : ; 0-2 ; 
maximum error of 4°, an input signal of = volts which must 


give a differential output of 12 mA. This corresponds to a 
differential output in the load of 180 milliamps per volt. 

Since the motor field has two independent and isolated coils, 
the push-pull magnetic summing circuit can be used without an 
isolating transformer, as shown in Figure 13.15. Also, assuming 
the input of the amplifier is matched to the output of the phase 
sensitive rectifier, the total input resistance of both transductors 
in push-pull will be 600 ohms, i.e. 300 ohms each, making a total 
circuit resistance FR, of 1,200 ohms. 

The control current corresponding to 4° will thus be equal to 

0-2 
3 1,200 
and this must produce a change of 6 mA. (mean) in the corre- 
sponding field coil giving the required current gain as 


G, = 108 = a &. 18:15) 
402 
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The total a.e. circuit resistance can be estimated from the 
proposed efficiency thus : 


1,500 
—— == 1,670 ohms ~ .  « (18.16) 


fi, < ie 
(c) Hstemated tume-constant. An approximate value for the time- 
constant of the transductor may be estimated from the circuit 
power amplification assuming a value for the ampere-turns ratio. 
In this case a high value, say 80, will be chosen since the most 
important feature is a high gain/time-constant ratio (p. 193). If 
the total control circuit resistance is considered to be divided 
equally between the two transductors, the time-constant of the 
push-pull pair will be the same as that of one unit, since both the 
resistance and the effective inductance of the control circuit are 
doubled. 
The circuit power amplification for each transductor is 


(08) aoe x 10 es « 0413 


and for the time-constant 7, we have 
3°3 x 104 1 


——— —_> == 0:19 oe ° . 13.18 
™4> 54100 * 80 sec (13.18) 


The response time may be reduced by the use of two stages of 
amplification, but in this case the design of the amplifier will be 
carried out on the basis of a single stage. 

(2d) Core material and rectifiers. ‘The power gain required and 
the high supply frequency indicate the need for a high permeability 
low-loss material for the cores. In addition, rectifiers of low self- 
capacitance are essential if reasonable working conditions are to 
be maintained with the high-frequency supply. The present 
design will therefore be carried out on the assumption that a 
mumetal core will be used and that the rectifiers will be of the 
germanium crystal junction type. 

(¢) A.C. supply voltage. The a.c. supply voltage is fixed by the 
total circuit resistance and the maximum possible load current. 

The limit of linearity which fixes the maximum possible current 
for a single transductor is estimated for mumetal from the genera- 
lized curves applicable to 1 Ke/sec. In the present case the limit 
can be taken as high as 0-65 of the maximum value for the 
following reasons : 
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(i) Since the amplifier is included in a closed loop, non- 
linearity will be less important than if the loop were open. 
(ii) The effects due to static friction only occur at balance 
when the amplifier is operating near the origin and the 
amplifier sensitivity would be maintained in this region. 
(ii) This relaxation of the amplifier requirement will help to 
reduce the value of the required supply voltage. 


On the other hand, if the maximum output is taken too far up 
the characteristic, a large error will be necessary to produce full 
motor torque with the result that the rate of following a sudden 
change of input will be reduced. 

When one transductor is giving its maximum useful output the 
output from the adjacent transductor will not be quite zero ; it 
therefore follows that since the resultant output is required to be 
80 mA., the actual value of the transductor current at the limit of 
linearity must be somewhat greater than 80 mA. Assuming that 
the minimum current is about 5°% of the maximum possible value, 
the actual range of the transductor characteristic which is utilized 
corresponds to 

65% — 5% = 60%, 
and this is equivalent to a mean current swing of 80 mA. There- 
fore the maximum possible value of the mean load current at 
complete saturation would be 

80 


te — MAS = TesMA, - « s., 4 (lerk9) 
0-6 7 


This current flowing in a load resistance of 1,670 ohms requires a 


supply voltage such that : 


Eas = 9:133 x 1,670 volts mean 
= 223 volts mean 6 a i E1S220) 


(f) Core area and a.c. turns. The product of the a.c. turns and 
the core area can now be calculated knowing the working flux 
density. In the present example the cores will be mumetal, 
which has a design saturation density of 0-5 weber/sq. metre 
(5,000 gauss) at 1 Ke. (Table 3). 

Thus since #,, = 4B,aN ,f 


7 223 ——_—«0-101 turns/metre? 
a" 4x05 X 1,100 (1,010 turns/em.?) . (13.21) 
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(g) Magnetic core length and control turns. Knowing the 
required current amplification and the empirical figure for the 
gain permeability, we may use the results of Chapter 5 to estimate 
the control turns per unit length of flux path thus : 


1 
current gain = - — Sa 0S 


4 
taking p = a x 30,000 (at 1:1 Ke./sec.), 


substituting for aN, from equation 13.21 
and putting in the known values of frequency and a.c. circuit 
resistance gives . 


N,/t = 2-16 xX 104 turns/metre (216 turns/em.) .  . (13.22) 


(h) Choice of core, estimation of heating and control windings. 
It now remains to select appropriate rectifiers and to choose a 
core and windings meeting the following requirements : 


(i) aN, = 0-101 turns/metres?. 
Gi) N,/? = 2-16 x 10* turns/metre. 
(iii) Resistance of control windings = 300 ohms. 
(iv) Temperature rise not to be excessive, say less than 30° C. 


This places an upper limit on the permissible resistance of the 
a.c. windings and also implies a certain minimum gauge of wire 
to avoid local hot spots. 

The first three conditions fix the current amplification, power 
amplification and time-constant while the fourth condition ensures 
that the transductor operates under reasonable thermal conditions. 

Before the core can be chosen it is first necessary to know what 
proportion of the total internal resistance is due to the rectifiers, 
and therefore it is now necessary to choose rectifiers having the 
correct rating from the various types available. In the present 
instance the high frequency makes it desirable to use crystal 
rectifiers of which the germanium or silicon-junction type are, in 
this case, necessary in order to pass the specified current. The 
following conditions of operation have to be taken into account : 


(i) Peak anverse voltage. The maximum possible voltage 
which could be applied to the rectifier elements in the 
reverse direction is equal to 


P 223 X @ 
a 
405 
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(ii) Continuous rating. This cannot be estimated exactly since 
it will be governed largely by the type of signals which the 
servo is likely to be following. If the maximum linear 
conditions are considered to represent the continuous 
requirements then this should allow an adequate margin. 


On this basis the continuous reverse working voltage for the 
load rectifiers is equal to 0-133 x 0-65 x 1,500 = 130 volts mean, 
and for the auto-excitation rectifiers less than 


0-138 x 0°65 x 170 = 14:6 volts mean. 


(Total internal resistance is R,— R,=170 ohms=r, > apt aw:) 
Similarly, the continuous load current will be equal to 86-5 mA. 
mean. 

It must be remembered, particularly when dealing with current 
ratings, that, as in the previous examples, the r.m.s. values will 
be somewhat higher. From these considerations a suitable 
rectifier is chosen, e.g. Messrs. B.T.H., type G.J. 3-D. Two of 
these particular units would be required in series for each arm of 
the load bridge rectifier and a further two for auto-excitation. 
This corresponds to five rectifier elements in the forward path of 
the current. A voltage drop of 0-5 volts is allowed per element, 
and the equivalent resistance of the rectifier may be obtained by 
dividing the forward voltage by the mean current at maximum 
output. 


« 


Equivalent resistance of rectifiers = St a 29 ohms. 


Since the total resistance must not be greater than 1,670 ohms 
and the load is 1,500 ohms, the resistance of one a.c. winding 
should not be greater than 

170 — 29 = 141 ohms  .. (18.28) 


The field current of 80 mA. corresponds to a firing angle which 
is greater than 90°, and the form factor will be between 1.11 and 
1:56 so that the maximum r.m.s. load current will probably be 
about 120 mA. Therefore, if the winding resistance is as great 
as 141 ohms the power generated in each winding will be 

141 x (0-120)? x 4 = approximately 1 watt . . (13.24) 

The surface area necessary to dissipate this heat will dictate 
the minimum size of transductor provided the wire gauge is 
sufficiently large to limit the current density to a reasonable 
value. 
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Since the field current is unlikely to be at its maximum value 
for prolonged periods, a current density of 4,000 amps. per sq. in. 
is permissible if based on the maximum r.m.s. current of 120 mA. 
This means that the smallest permissible wire gauge for the a.c. 
windings will be about 37 s.w.g., having a nominal diameter over 
the insulation of about 0-0084 in. 

If the core section is a sq. cm., each of the a.c. windings will 


1,010 
have —— turns (from equation 13.21) so that, allowing a space 
a 


factor of 0-7 and assuming the windings are pre-formed without 
bobbins, the total window area occupied by the a.c. windings 
will be 

1,010 x (0-0084)? 


A, = OF G, ~— $q. Nn 
0-103 sq. 1 
giving Al = —— = 


Thus if a lamination has a window sufficient to accommodate 
an a.c. winding area equal to Aj, then the core section would be 
given by 

a = 0-103/A/ cm. . .  « (13.25) 
(Note that the winding area is measured in sq. in. and the 
core area in sq. cm.; see p. 386.) This now gives a basis 
on which to choose a lamination size. For example, referring 
to the table of standard laminations, it is clear that if size 
521 (Table 1, p. 415) is chosen, the a.c. winding area would be less 
than 0-125 sq. in., giving a core area of the order of 1 sq. cm. 
and hence a stack depth disproportionately large compared with 
the width in order to obtain this area of section. ‘Turning to 
lamination size 522, it appears as though this size will probably 
meet the requirements. 

The total area available is 0-28 sq. in. and the length of magnetic 
path is 0-084 metres. The number of control turns are therefore 
given by 

oo 2-16 x 104 (13.26) 
0-084 a 
ie., N, = 1,820 turns. Assuming a mean length of turn of 
5 in. gives a total length of wire equal to 253 yd., and since the © 
resistance must be 300 ohms, the wire size for the control winding 
is fixed at 39 s.w.g., which has an overall diameter of 0°0066 in. 
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Therefore control winding area 
-— (0:0066)2 x 1,820 . 
ea i = 0:113 sq. mm. 
Assuming the bias and tacho feedback windings occupy about 
10% of the space taken by the control windings, the total space 
for bias and control coils will be about 0-124 sq. in. Since the total 
window area on this size of lamination is 0-28 sq. in., the space 
remaining for a.c. windings is equal to 
0:28 — 0-124 = 0-156 sq. in. 
and therefore from (13.25) the core area will be given by 
0-103 
a= 
0-156 
On this basis the number of turns on each a.c. winding may be 
obtained from equation 13.21 thus : 

1,010 
“0-66 
assuming the mean length of turn to be 2-5 in., the total length 
of wire is 


== )-66 Sq. cm, 


N = 1,530turns . . . (13.28) 


1,530 * 2°5 
36 

= L06" yd, 
and the total resistance is 70 ohms; this is only one-half that 
allowed for and therefore the power wasted in each winding will 
only be 0-5 watt at maximum output, making 1 watt total. Since 
the surface area is about 14 sq. in. the heat dissipation corre- 
sponds to 0-072 watt per sq. in., which gives a temperature rise 
of about 12° C. from Figure 13.14. 

In this case it is clear that the core size has been fixed by 
current density considerations. If, however, the temperature 
rise had been found excessive the wire diameter would need to be 
increased, thereby reducing the coil resistance. This would have 
necessitated a smaller number of turns in order to accommodate 
the windings in the available area which in turn would have 
demanded a proportionately greater core area to maintain the 
product aN, at the required value. 

Thus the final design specifies a magnetic amplifier consisting of 
a pair of mumetal-cored transductors working in push-pull into 
two independent coils as shown in Figure 13.15. Adjustment of 
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the gain is provided by means of the presetting resistors across 
the auto-excitation rectifiers. 


Useful core area = 0-66 sq. cm. 

Lamination size = E type I.8.8. No. 522 14 in. x 1h in. 
A.C. turns VN, = 1,530 turns No. 37 s.w.g. enamelled wire. 
Control turns NV, = 1,820 turns No. 39 s.w.g. enamelled wire. 


It only remains to estimate the overall servo performance and 
deduce a reasonable control winding for the tacho feedback. 


13.23 Servo Response 
(a) Tacho feedback loop and overall frequency response. In 
order to estimate the response and the required feedback the 
maximum tacho loop gain consistent with stability is first deter- 
mined. Referring to Figure 13.16 since Ky, Ky, and Ky are 
already fixed, K, is limited to a value which maintains adequate 
gain and phase margin round the tacho loop. Having fixed K,, 
the ratio 6/H, is given by | 
KauGaP) . Brg). Kugu(P) | 


: . (13.29 
T+ K gD). Kige(D). Kygu(D) Ky ke 
Kg xD) ] : 
= . (13.30 
1+ KrgaD)' Ky ra 
where Kpgp(D) = Kaga(D). Krpg AD). KyguW). Kye. 
The total gain round the main loop is then equal to 
kK D K | 
nxt?) _ Ri, . (13.31) 


1+ A 7g2(D) DK > 
and the gear ratio n is chosen to give a gain and phase margin 
consistent with a reasonable overall frequency response to a 
sinusoidal input @,. 

The first step is therefore to determine the frequency response 
of the various elements. 

(b) Determination of K 49,(D). The steady-state gain K, of the 
amplifier is equal to 180 mA. per volt. The amplifier also has a 
time-constant, however, which determines the nature of the 
function g,(D). This is defined by a transfer function of the form 
-—-~.- plus a phase shift «’ which is proportional to the signal 
1+7,4D . 
frequency, and is 90° when the signal frequency is one-half the 
supply frequency (section 8.6). 
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The values of gain and phase shift are plotted against the signal 
frequency (Table A). 7, is assumed equal to 0-2 seconds* and it 
will be seen that the additional phase shift due to the half-cycle 
delay is negligible compared with that due to the normal time- 
constant. 


TaBLE A g,(D) 


eer ee phase lag « phase lag a’ total lag (a + a’) gain dB 
0:5 — 53° — 0:013° — §-3° 0 
1-0 — ]1-4° — 0-026° — 11-4° — 0 
2-0 — 22-5° — 0:052° — 22-6° — 0-7 
5:0 — 45-0° — 0:13° — 45-1° — 3-0 
10 — 64° — 0-26° — 64° — 6:8 
20 — 76° — 0-52° — 77° — 12:5 
50 — 84° — ]-3° — 85° — 20-5 
100 — 86° — 2:6° — 89° — 26-5 


(c) Determination of Kyg,(D). The constant K, is the arma- 
ture torque per mA. of field current. Since the maximum torque 
is 20 oz. in. for 80 mA. we have, assuming linearity, 


20 1 
= — X — = 0-0156 lb. in. per mA. 
16 80 


The transfer function g,(D) is given by the field time-constant 


Kp 


1 
—— where —= ——— = 0-02] sec. approx. 
SN gaia sak 17 PP 


The gain and phase shift corresponding to g,(D) are plotted 
against signal frequency in Table B. 


TABLE B_ g,(D) 


7, and is equal to 


Q phase lag ° gain dB 


0-5 0 0 
1-0 1 0 
2-0 2 0 
5:0 6 0 
10 12 0 
20 23 — 1-5 
50 46 — 3-1 
100 65 — 73 


en —~ 


* Tn the present design the m.m.f. ratio has worked out at about 90, which gives 
a time-constant of 0-17 seconds on the basis of equation 13.18 ; the value of 0-2 
seconds should therefore make a reasonable allowance for the errors discussed in 
Chapter 8. 


410 


Construction and Design of Magnetic Amplifiers 


(d) Determination of Kygy(D). The constant Ky, is the steady- 
state angular velocity of the motor shaft per unit armature torque. 
Now the viscous friction coefficient is the opposing torque per 
unit angular velocity, and when the motor has reached a constant 
velocity the applied torque acting in the armature is equal to the 
opposing torque due to viscous damping. At a maximum speed 
of 7,000 r.p.m., the applied torque is equal to 20 oz. in., thus the 
viscous friction torque per unit angular velocity is equal to 


20 60 1 


>= 16 * 7,000 * Qn 
= 0:0017 lb. in./radian per second 


and Ky =; = 590 radians per second/Ib. in. torque. 


1 
ky 
The transfer function g,(D) defines the transient occurring 
before the motor shaft reaches a steady velocity, and if it is 
assumed that the opposing torque is due entirely to viscous 


friction, the transfer function will be of the form _ Iu 
1 a TyD 
where 
Armature moment of inertia (Ib. in.?) 
Ti 


~ viscous damping per unit angular velocity (lb. in./rad./sec.)\g 


The viscous damping is equal to k,, but must be expressed in abso- 
lute units, by multiplying by g = 12 x 32 in./sec./sec., thus : 
2/16 
“"M ~ 0.0017 x 12 x 32 
This enables the frequency response diagram for the motor to be 
plotted against £2 as in Table C. 


TABLE C gy(D) 


—= 0°19 second. 


Q phase lag ° gain dB 


we) 
So 
| 
J] 
Qt : 
On 
Ce) 
Pe alot ate ol 
hohe 
CVO mOwqooe 
IIIS a4 
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The overall transfer function corresponding to the three 
individual delays due to the amplifier, motor field and mechanical 
inertia are now combined by adding the gains and phase lags in 
Tables A, B and C. ‘The results are plotted against 2 in 
Figure 13.17 to give the overall frequency response round the 
tacho loop. Since the frequency response diagram is referred to a 
datum corresponding to a steady-state gain of unity (0 dB) the 
actual steady-state gain which can be tolerated is found by raising 
the gain curve up to the point which gives a reasonable margin of 
stability. In this case it is seen that a vertical shift of 15 dB gives 


Ci oe 
-65 
ay Pa ee Pee 2 ee ee STA 
Ba 
—> 2 


700 
Figure 13.17, Frequency response round tacho loop gr(D). 


a phase margin of 34° (4B) and a gain margin of 12:5 dB (CD). 
In this case the steady-state gain round the tacho loop is equal 
to 5:7 (15 dB), and since this is equal to K,K,KyK>p 

5:7 | 
~ 180 x 590 x 00156 


= 3-45 < 10-3 volts/radian per second. 


we have Kr 


This e.m.f. is referred directly to the main control circuit of the 
magnetic amplifier; if a separate control circuit is used the 
resulting ampere-turns from the tacho must be the same as would 
be produced in the main control winding. ‘Therefore if, for 
example, the actual e.m.f. available from the tacho were double 
that specified by K, above, the control turns would be halved 
for the same control circuit resistance R,. In the present instance 
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the actual tacho voltage available is 0:19 volts/radian per 
second and therefore for a tacho circuit resistance of 1,200 ohms 
(equal to R,) the tacho-feedback control winding turns NV ,, can 


0-191 
be reduced by a factor nae 10 Te on the control turns JN,. 
1,820 * 3-45 « 1073 
So that Ng es Sr 88 
ee 7 0-191 | 


In practice the value of NV, would be made about 50 or 100 and 
subsequent presetting carried out during final tests by varying 
the tacho circuit resistance. The time-constant of these windings 
will be very small compared with that of the main control circuit 
due to the large decrease in the number of turns for the same 
resistance, and hence their slugging ¢ effect on the amplifier response 
will be negligible. 

It only remains to determine the gear ratio n from the conditions 
for stability round the main position control loop. The closed 
tacho loop may now be regarded as a single element having a 
transfer function | 

K 9 xD) 
1 + Kygp(P) < T 
The resulting frequency response for a sine wave input may be 
plotted from Figure 13.17 by the use of standard Nicholls charts ; 


(see equation 13.30). 


ff 


-——- PSH 
EE CES i= 


i 
O Sa es nel 


s 120° -30 +1 
140° -35 
160° -40 
ia | 
en ee a a on ne : 
0-7 aa 10 700 


—~> 


Figure 13.18, Frequency response for closed tacho loop and for pure integrating 
element. 
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the result is shown in Figure 13.18, where it is seen that the 


1 
constant — has not been included since this will merely influence 


Kr 
the datum level of the gain characteristic. It is seen from equa- 
tion (13.30) that if the gain K , round the tacho loop can be made 
very large, the output velocity 6 is given by L,/K and the motor 
behaves as a perfect integrator. The frequency response round 
the main control loop is given by equation 13.31. The dynamic 
component of this may be plotted by adding the two sets of 
curves in Mgure 13.18, namely those for the closed rate loop 


] 
and those for the simple integration 5 The result is shown in 


the full-line curves of Figure 13.19, and it is seen that a steady- 
state gain of 12 dB gives a gain margin on closed loop of 5 dB (CD) 
and a phase margin of 76° (AB). Under these conditions the 
closed loop frequency response of the overall position servo may 
be calculated or obtained from the standard charts and is shown 
by the dotted curves of Figure 13.19. 


ee je | : 
5|— Sc | Closed op : Patel: 
10 —> ] tae frequency response.— 
~ | Loop gain J2dB | 
2 a a N i 
Open /o0p 
freguency —— 


PESPONSE 


i, 
Pe 
om 
bern 


70 700 


0-7 7 


—» 2), 


Figure 13.19. Open loop (full line) and closed loop (dotted line) response for 
overall position servo. 


From equation 13.31 we have the steady-state component 
nk ,/K 7 is equal to 4 (12 dB). 
4Kp 4X 345 x 1073 
= Se 009, 
K 0-2 
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: 1 
Therefore the gear box reduction ratio is mOGo 


= 15:1 reduction approximately. 
It should be noted that the 15:1 ratio used purely for stability 
need not apply to the gearing from the armature to the ultimate 
load for which a separate requirement may well apply. This 
ratio applies specifically to the loop gain and as such defines the 
gear ratio between the armature and the position transmitter, 
which need not be coupled directly to the main output shaft. 


13.24 Design Tables 
TABLE 1 


Sizes of Standard Laminations 


Inter-Service No. Dimension “ y ’’ (Figure 13.5). 
521 “EE” type 1 in. 
522 e 14,, 
523 bs 2 55 
524 43 25 55 
TABLE 2 


Sensitivity Permeability * of Materials at Various Frequencies 


Material 50 c/s 400 c/s 1,000 ¢/s 2,400 c/s 
Mumetal . é 80-120 70-100 30 25 
PC as, 3s ; 80-100 60—80 25 20 
Crystalloy : 25-35 15-25 — = 
Stalloy . : 10-15 8-12 = a 


* These figures multiplied by 47/104 give the value in M.K.S. units, or 
multiplied by 1,000 give the value in C.G.S8. units. 


TABLE 3 
Design Flua-Density, B, (M.K.S. units) * 


Material 50 ¢/s 400 c/s 1,000 c/s 2,400 c/s 
Mumetal . 0-55 0:55 0:5 0-5 
PeCene: . x 1-2 1-1 0-9 0-8 
Crystalloy ]+1 1-0 =— es, 
sStalloy 1-0 0:8 — a 


* Values are obtained in C.G.S. units when multiplied by 104. 
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TABLE 4 
Linear Operating Range* for Auto-Excited Mumetal Transductors 


50 e/s 400 c/s 1,000 c/s 2,400 c/s 
0-5—-0'65 0:4—0°6 0:35-—0-55 0:3-0'5 


* Expressed as a fraction of the saturation current 7,,. 


416 


CHAPTER 14 


APPLICATIONS OF MAGNETIC AMPLIFIERS 


14.1 Review of Applications 


AGNETIC amplifiers have been applied to various problems 

both in Industry and the Services. The following activities 
are typical of those in which magnetic amplifier techniques are 
often applicable. 

In process control and the control of industrial machinery 
such as crane hoists, rolling mills, machine tools, etc., which may 
not require a response faster than about 0-1 second, the magnetic 
amplifier is attractive chiefly on account of its reliability and 
ruggedness. Its additional properties as a low-level d.c. amplifier 
open up the fields of industrial instrumentation ; for example, 
the measurement and control of temperature, pressure and light 
intensity, or as amplifiers for strain gauge measurements in 
electrical weighing using load cells. 

In electrical installations such as power supplies, large com- 
puters, etc., magnetic amplifiers have been employed ; sometimes 
being incorporated with relays as protective gear, in which case 
a slow response may be required, e.g. for sequence switching. 
They have also been used to provide stabilized heater supplies for 
electronic equipment, in which case the slow response is usually 
immaterial in view of the thermal lags already present. 

The voltage and frequency control of generators and the speed 
control of motors are other important instances where it is often 
worth while to consider the use of magnetic amplifiers, either as 
output stages preceded by an electronic amplifier or more usually 
as completely magnetic systems to give increased reliability and 
less stringent servicing requirements. The following alternative 
methods of controlling electrical machines are also available : 
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Thyratron control. ‘This generally involves electronic pre- 
amplification, and although it provides fast control, it is 
usually considered less reliable than magnetic amplifier 
equipment. 

(6) Amplidyne control. ‘This system suffers from similar 
disadvantages to the magnetic amplifier in respect of its 
time-constant and has the additional weakness of requir- 
ing brushes ; it is also probably more costly, but has the 
advantage of generating its own output. 

(c) Carbon pile regulators. Carbon piles have been used in 

many cases, particularly in Service equipment, but they 

have a long time-constant. They also contain moving parts 
as part of the closed loop system and require careful setting 
up in addition to frequent servicing. When used for regu- 
lating d.c. machines they have the advantage of not requir- 
ing an a.c. supply, but in a.c. systems they could probably, 
with advantage, be replaced by magnetic amplifiers in all 
Cases. 


Considering these various systems, it will be seen that the 
magnetic amplifier may present a favourable alternative to the 
others, chiefly on account of its reliability. It should also be re- 
_~membered that, being a reactive controlling element, large powers 
can be handled for a comparatively low heat dissipation compared 
with a valve in which the control is resistive. 

In Service equipment too the magnetic amplifier is widely 
applicable. Aircraft instrumentation, position servos for repeating 
equipment, amplifiers for hydraulic motors actuating control 
surfaces, gun turrets, etc., represent some typical applications. 
Similarly, in guided missiles or auto-pilots automatic control is 
possible with increased reliability by using transductors or mag- 
netic amplifiers. 

The rapidly expanding field of nuclear instrumentation finds 
many uses for magnetic amplifiers, particularly where stable d.e. 
amplifiers are required in pile instrumentation, or position servos 
for remote handling or automatic positioning of control rods. 

Many of these applications utilize the valuable property of a 
magnetic amplifier whereby a number of variables may be added 
magnetically while remaining electrically isolated. 

Finally, a discussion of magnetic amplifier applications would 
not be complete without some mention of transistors. The view 
has occasionally been expressed that the transistor will replace 
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magnetic amplifiers in many fields of instrumentation. It is 
becoming evident, however, that this is true only to a limited 
extent, particularly in industry, where large power outputs are 
generally required with stable d.c. pre-amplification. In the 
main, however, the transistor appears to be opening up new fields 
for the magnetic amplifier, and by regarding the two devices as 
complementary, it has been possible to develop combined circuits 
ideally suited to instrument servos such as auto-pilots, where a 
junction transistor amplifier provides an initial power amplifi- 
cation with a high speed of meponee followed by an output stage 
magnetic amplifier. 

This chapter gives an account of some typical applications for 
magnetic amplifiers in the above-mentioned fields. 


14.2 Instrument Amplifiers 

D.C. amplifiers with stable and linear amplifying charac- 
teristics are widely used in the field of industrial measurement and 
control. 

It is often required to measure non-electrical quantities such as 
temperature, speed, light intensity, etc. This is generally achieved 
by converting the quantity to be measured into an electrical 
signal by means of a transducer,* such as a thermocouple or a 
photocell, and amplifying the output from the transducer. 

The output from the amplifier may then be used either to 
operate a robust measuring instrument or recorder, or possibly 
to control the original quantity automatically. The output from 
the transducer is usually only sufficient to operate a very sensitive 
instrument, and hence the need for a linear amplifying device free 
from drift. 

Electronic amplifiers are sometimes unsuitable for these 
purposes for the following reasons : 

Firstly, because they are subject to a voltage zero drift which 
is generally comparable with the output from the transducer. 

Secondly, valves and their associated circuits are seldom 
suitable for prolonged and continuous use under industrial 
conditions where reliability and minimum servicing requirements 
are essential. 

Many applications demand an accuracy of better than 1% of 

* The term transducer should not be confused with transductor ; the former 


is a general term for a device which converts one form of energy into another as, 
for example, a microphone in which acoustic energy is converted to electrical 


energy. 
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full-scale indication, and even if this corresponds to a signal 
power level no greater than 10-1? watt, then the magnetic amplifier 
is likely to be suitable. Furthermore, response time is not 
usually a limiting factor except in closed-loop systems, and 
therefore magnetic amplifiers are seldom precluded solely on 
account of their time-constants. 

In some cases a transductor amplifier may be used without 
self-excitation in order to take full advantage of the inherent 
linearity in its control current characteristics. Better charac- 
teristics are always achieved, however, by using self- or auto- 
excitation and then applying overall negative feed-back. This 
has the advantage of stabilizing the ultimate input-output 
relationship and, since the output usually feeds a current-operated 
device whereas the input is taken from a low-impedance voltage 
device, stabilizing the output current/input voltage ratio allows 
for variations in the control circuit resistance. Overall feedback 
also tends to stabilize the circuit against variation in the rectifier 
characteristics with age and temperature. By whichever method 


ting 


Feedback 


Figure 14.1. Single-stage instrument amplifier. 
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linearity is obtained, however, it is necessary to sacrifice power 
gain, as shown in the previous chapters. 

Three typical applications of magnetic amplifiers to instrumen- 
tation will now be described : 

(a) Magnetic amplifier for current telemetering «installation. 
Figure 14.1 shows the circuit of a single-stage magnetic amplifier 
which is used to amplify, before transmission over eight miles of 
telephone cable, the current obtained from a telemetering unit. 
In this case the unit is required as a current amplifier ; it consists 
of a pair of push-pull self-excited transductors in which current 
feedback is applied to extra windings wound over the control 
windings. ‘The overall power gain is about 150 and the accuracy 
is within + 1% of full-scale output for a supply voltage variation 
of + 5% and a frequency range of 45/52 c/s. Figure 14.2 shows 
a number of these amplifiers in a British Electricity Authority 
telemetering installation. 


Self- 
excited [2 
otransductoro 
"| ° Even * 
1 Aarmonic 
° otransductoro 


Even 
Aharmonte 
otransductor 


O 
Lnput 


Self- 
excited 
orev | 3 


Feedback 
Figure 14.3. Block diagram of low-level three-stage instrument amplifier, 


(b) General-purpose low-level amplifier. Figure 14.3 shows a 
block diagram of a low-level magnetic amplifier. This consists 
of two stages of even-harmonic amplification followed by a pair 
of push-pull transductors. The amplifier is stabilized with 
overall negative feedback, but in this case the load current is 
fed back as a voltage into the control circuit. Thus the ratio of 
load current to signal voltage is independent of variations in the 
amplifier gain or the control circuit resistance and depends only 
upon the characteristics of the feedback network. 

Due to the large internal gain of the amplifier, it is necessary 
to ensure that the system is stable when the loop is closed. In 
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this particular case stability is achieved by making the time- 
constant of the output stage very large compared with that of 
the other two stages. 

The sensitivity of this amplifier is such that for an input signal 
of 4 millivolts from a source impedance of about 20 ohms, the load 
current is -+ 5 milliamps in a load of 500 ohms. The sensitivity 
can be varied by adjustment of the variable resistance in the 
feedback network, which should consist of manganin resistors. 
The gain stability is about + 1% for supply variations of + 10% 
in voltage and + 5% in frequency. The zero drift is about 10- 
watt and the response time approximately 1 second. This amplifier 
operates satisfactorily from the output of strain gauges, thermo- 
couples and photo-cells, and gives sufficient output to operate 
recording equipment. A photograph of the unit is shown in 
Figure 14.4. 

(c) Magnetic amplifier for jet pipe temperature measurement. 
Figure 14.5 shows an amplifier designed to operate from the 
output of a thermocouple placed in the jet pipe of aircraft engines. 
The output from the amplifier is recorded on a robust meter, the 
full-scale deflection of which occurs for 1 mA. The amplifier 
consists of two stages of even-harmonic amplification with overall 
negative feedback, and the whole unit will fit into the rear of the 
instrument case behind the control panel. The maximum input 
voltage is 35 millivolts from an impedance which may vary over 
a considerable range depending upon the length of the leads 
from the thermocouple. The impedance of the instrument is 
500 ohms. Such a system permits the use of a robust milli- 
ammeter, and the voltage feedback into the control circuit tends 
to make the amplifier independent of the resistance of the signal 
leads. 


14.3. Use of Transductors for Metering Large Direct Currents 


This is an application of the transductor without self-excitation, 
in which it is used essentially as a direct current transformer. 

The a.c. windings are placed on two closed cores as described 
previously, but the space normally occupied by the control 
windings is left vacant and provides room for a bus-bar to pass 
through. The bus-bar thus corresponds to a single-turn control 
winding. The a.c. windings are supplied from the a.c. mains 
supply and the d.c. measuring instrument is placed in series with 
the a.c. windings via a bridge rectifier as shown in Figure 14.6. 
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Figure 14.2. Instrument amplifiers in tele- 
metering installation. 


By courtesy Eiliott Brothers (London) Ltd. 


| Facing p. 422. 
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Figure 14.4. Low-level d.c. amplifier. 
By courtesy Elliott Brothers (London) Ltd, 


Figure 14.5. Amplifier for jet-pipe temperature measurement. 


By courtesy Elliott Brothers (London) Ltd. 
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direct (contro!) 
Measuring current 
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Figure 14.6. Arrangement employed for measuring large direct currents. 


A linear relationship exists between the control current and 
the meter current which ideally depends upon the turns ratio. 
In this particular case, the control ampere-turns are provided by 
a very large current flowing in a single turn. 

This method of d.c. metering has the following advantages : 


(1) 
(i) 


It dispenses with the need for heavy shunts having a very 
low resistance. 

Due to the constant current characteristics of the trans- 
ductor, the meter current tends to be independent of the 
a.c. circuit resistance ; therefore a number of meters may 
be connected in series with one transductor. Furthermore, 
the resistance of the meter leads from the transductor is 
much less critical than when a shunt is employed and 
therefore the meter may, if necessary, be installed at an 
appreciable distance from the bus-bar. 

Heavy overloads of current need not damage the instru- 
ment, since the transductor can be designed so that the 
cores saturate at any required level of bus-bar current. 
The bus-bar is electrically isolated from the meter, which 
may therefore be earthed independently. 

The transductor used in this way is very economical to 
produce compared with the cost of a large shunt to do the 
same job. 


An accuracy to within 4% or 1% may be obtained for the 
transductor when the a.c. supply voltage varies within 2% to 3%, 
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and it is easy to obtain an overall accuracy of measurement 
within 14%. | 

The linearity of a transductor operating under these conditions 
is good, and the control ratio is dependent primarily upon the 
maximum alternating current permissible and also upon the 
permeability of the core material employed. 

If a high degree of linearity and accuracy are required, the 
cores should be made of mumetal or supermalloy. Since the 
current gain is proportional to the ratio of control turns to a.c. 
turns, the instrument may be calibrated by means of a smaller 
direct current flowing in a calibration control coil consisting of a 
proportionately increased number of turns. 

Such a metering system “ has been applied to the measure- 
ment of large direct currents up to 50,000 amps. for which a 
corresponding d.c. shunt might weigh 3 cwt. and would have such 
a low resistance that calibration would be difficult. 


14.4 Use of Transductors as Relay Amplifiers 


In the applications discussed so far, one of the important 
features required of magnetic amplifiers has been the need for 
linearity and overall stability of the amplifying characteristic. 
When the transductor is used as a relay pre-amplifier, however, 
these requirements are not generally so stringent and therefore 
full use can be made of the high gain obtainable with self- or auto- 
excited transductors. Applications of transductor relays to pro- 
tective gear have been described by Edgeley and Hamilton ” in 
which transductors used as pre-amplifiers, time-delay units, etc., 
have enabled robust relays to carry out duties which would 
otherwise require sensitive and highly complex relay units. 

The applications described here, however, are of a compara- 
tively simple nature, and if the reader is interested in some of the 
more advanced techniques, reference should be made to the 
original paper. 

(a) Sensitive transductor relay. A standard sensitive trans- 
ductor relay is shown in Figure 14.7, in which a self-excited trans- 
ductor supplied from 12 volts at 50 c/s. amplifies low-power 
signals to operate the relay. The input power level required for 
relay operation is of the order of 4u.W. If transductors in cascade 
are employed, then greater sensitivity can be obtained. The 
limit is determined by the drift level of the amplifier. 

(b) Photo-electric. lighting controller. Figure 14.8 shows an 
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Figure 14.7. Sen- 
sitive relay us- 
ing transductor 
control. 


By courtesy Elliott 
Brothers (London) Ltd. 


(0) 


Figure \4.9(a) and (6). Relay transductors for safeguarding power supplies. 


Figure 14.10. Relay amplifier for control of roll grinding. 


Figures 14.9 and 14.10 by courtesy Elliott Brothers (Lendon) Ltd, 
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automatic lighting controller. Here the input is obtained from a 
photocell and amplified to operate a mercury relay. The magnetic 
amplifier consists of three stages in cascade of which the first two 
are even-harmonic push-pull amplifiers. The input power level 
to this amplifier is 10-19 watt, while the output power is governed 
by the capacity of the mercury relay which, in this case, is 2 kW. 

(c) Transductor overload protection relay. Figure 14.9a shows 
a transductor designed to operate a relay for overload protection. 
The construction is similar to that of the metering transductor in 
which a bus-bar forms a single turn control winding. Ifthe bus- 
bar current exceeds 70 amps. the output from the transductor 
operates a protective relay. 

A similar type of unit is shown in Mzgure 14.96, in 1 which the 
effective control m.m.f. is due to the sum of twelve equal currents 
flowing in twelve isolated control windings. Each winding carries 
a current of 1 amp. and the transductor is odtancie to close the 
relay if any one of the currents exceeds 1-2 amp. This multiple 
protection reduces cost but no indication is given as to which 
circuit causes the relay to trip. 

(d) Magnetic amplifier for wheel-wear compensation in roll- 
grinding. In this application a magnetic amplifier is employed as 
a pre-amplifier for a relay which controls a grinding wheel. 

Current fed into the amplifier is directly proportional to the 
load current of the grinding wheel motor. As this load current 
falls, due to wear of the grinding wheel, the relay operates and the 
grinding wheel is fed in to correct for this change. Rolls may be 
ground, using this method, to accuracies of 0-001 in. The normal 
supply is 70 volts at 50 c/s. (see Frgure 14.10). 


14.5 Magnetic Amplifier for Position Servo Mechanisms 


Magnetic amplifiers may be used as servo amplifiers in position 
controllers provided the available supply frequency is high 
enough to ensure a sufficiently fast response from the amplifiers. 
A typical schematic for such a system is shown in Figure 14.11, 
where it is seen that the general arrangement is similar to that set 
out in the last numerical example of Chapter 13. Synchros, 
magslips or potentiometer systems are used to detect the error 
between the positions of the input and output shafts. This error 
is then amplified and used to drive the motor, the motor torque 
being in such a direction as to reduce the error. The amplifier 
may be entirely magnetic or, in some cases, a magnetic amplifier 
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Figure 14.11. Block diagram of position controller. 


may be used with an electronic pre-amplifier. The following are 
typical applications of such servo mechanisms : 


(a) Remote control or remote indicating systems, especially in 
service equipment. 

(b) As torque amplifiers in analogue computers for the control 
of mechanical movements (e.g. potentiometer shafts and 
plotting tables) from electrical signals. 

(c) In automatic pilots for aircraft. 

(d) In self-balancing bridges and potentiometer recorders. 


In nearly all these applications, however, the amplifier time- 
constant usually decides whether a magnetic amplifier will be 
suitable. Sometimes, where a high speed of response is essential, 
the transductors are operated from a high supply frequency and 
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Figure 14.12. Position servo-mechanism using two-stage magnetic amplifier. 
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stabilizing networks are used to give suitable phase advance. A 
typical example of such an amplifier is shown in Figure 14.12. 
This is a two-stage push-pull magnetic amplifier operating at a 
supply frequency of 1,100 c/s. The input stage receives its signals 
from a phase-sensitive rectifier of the type shown. A shaping 
network consisting of a parallel R.C. combination is included in 
series with the control windings to help stabilize the system. The 
overall power gain is 2 x 10° and an angular error of }° is suffi- 
cient to give full motor torque, while an error of about 45° will 
start the motor against static friction. 

The transient response of the amplifier approximates to a simple 
exponential lag, with a time-constant equal to 0-025 sec. Within 
the linear range the damping is adequate and the settling time 
about 0:35 sec. For large errors a small overshoot occurs and the 
settling time depends upon the maximum speed of the output 
shaft. A photograph of the unit is shown in Figure 14.13. 

An alternative scheme is shown in Figure 14.14. In this case 
the magnetic amplifier output stage is preceded by an electronic 
pre-amplifier. High-power gain in the magnetic amplifier is not 
necessary and, because the control windings are connected in the 
anode circuits of a pair of valves, the time response can be reduced 
to three or four periods of the supply frequency. In the particular 
example shown, the amplifier controls a d.c. split field servo motor 
requiring 10 watts maximum power in each half of the field. The 
transductors, operating at 1,100 c/s, replace two output valves of 
about the same size. The total saving of power dissipation is 
approximately 25 watts and the current drawn from the high- 
tension power pack is reduced from 120 mA. to 25 mA. 

Another example of a servo amplifier appears in Figures 14.15a 
and b. ‘These show two views of a production model of a 10-watt 
magnetic servo amplifier employed in a shipboard fire control 
computer. 

Magnetic amplifiers are sometimes arranged to give an a.c. out- 
put and feed directly into a two-phase servo motor (Chapter 10). 
A typical example of this occurs in the Bendix Polar Path Compass. 
Figure 14.16 shows a gyro and flux-gate amplifier assembly. Two 
output stages each consisting of a pair of three-limbed transductors 
are shown on the extreme right and extreme left of the photo- 
eraph. These output stages are driven from a demodulator 
system which follows an a.c. amplifier, and each magnetic ampli- 
fier drives a small two-phase servo motor. The four a.c. windings 
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for each stage are arranged in the form of a bridge as shown in 
Figure 14.17. The a.c. supply is connected to one pair of ter- 
minals (ab) and the control phase of the motor to the opposite 
pair (cd). In this case it is seen that the transductors are used 
without auto-excitation. 


aq .4-C. i) 
Supply} 


Figure 14.17, Schematic of a.c. output amplifier for polar path compass (flux- 
gate amplifier). 


(2) Relative connection of windings on transductor cores. 
(6) Circuit of transductor bridge (a). 
By courtesy Bendia Aviation Corporation, 


14.6 Magnetic Amplifiers with Transistor Control 


It was shown in Chapter 9 that in the transductors having 
half-cycle response, the output in any half-cycle depends upon 
the total flux set in the previous half-cycle. In both the half- 
wave and full-wave circuits control was effected by means of the 
signal voltage #,. It has also been shown, however, that the 
output can be controlled equally well if the voltage source EH, is 
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Figure 14.12. 1,100 ¢/s magnetic 


Figure 14.14. Combined magnetic/electronic amplifier for position servo. 
Figures 14.13 and 14.14 by courtesy Elliott Erothers (London) Ltd, 
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(6) 
Figure 14.15(a) and (6). 10-watt servo amplifier. 


By courtesy Ford Instrument Co., New York. 
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Figure 14.16. Gyro and flux-gate amplifier for polar-path compass. 


Bu courtesy Bendix Arviution Corporation, 
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replaced by a variable resistance (Figure 9.3c). This controls 
the amount of flux set by varying the proportion of the voltage H,. — 
which is applied to the control winding during the setting periods. 
In Figure 14.184 a pmn.p. junction transistor is shown 
connected in the control circuit of a half-wave transductor in place 
of the resistor. Thus, by varying the emitter current the output 
is controlled. If the emitter current is zero the collector current 


+ a 
Wig. Ce. 2 (i, ‘|| i ii Ra=Ry tl 
- yoy E, 
al Ug) ac 
: 4 P ; = Ra= 
Vig. Te (te, | & | = Rs the 
ons aaa i a: 


Foc. P « 


Alternating voltage 
(5) 
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(C) 
Figure 14.18. Transistor control of transductors. 
(a) Half-wave circuit. 
(6) Cascaded half-wave circuits. 
(c) Full-wave Ramey circuit. 
The signs = indicate the relative phasing of the alternating voltages. 


is also (very nearly) zero and hence no setting action takes place 
and the full output is obtained. In these circumstances the tran- 
sistor may be regarded as having maximum impedance. If an 
emitter current is applied, some collector current will flow. The 
voltage appearing across the control windings will increase as this 
current increases, thereby causing a greater flux to be set and hence 
a smaller output will be obtained. Coupling of two such ampli- 
fiers in cascade is shown in Figure 14.180,“ and transistor 
control of a full-wave amplifier is shown in Figure 14.18c. 

In the foregoing circuits the output is a maximum when the 
input is zero. If an increased output is required with an increasing 
emitter current the biased circuit shown in Figure 14.19 may be 
used." In this case the control voltage may be an alternating 
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(bias) 
Figure 14.19. Transistor control of half-wave transductor with bias. 


carrier having a frequency equal to that of the supply; the signal 
is then a modulation on this carrier. 


14.7 Voltage and Frequency Control 


Magnetic amplifiers can be used in many cases where it is 
required to maintain constant the voltage and/or the frequency 
of a generator. 

In such applications the controlled quantity is compared with 
some reference and a control signal proportional to the difference 
between the actual output and the reference is fed to the amplifier 
and amplified to control either the generator field (for voltage 
control) or the speed of the prime mover (for frequency control). 

The amplification must be sufficiently high that the full output 
of the regulator is obtained for the maximum specified error 
between the controlled quantity and the reference. 

Motor-generator sets giving outputs up to several kW. are 
used as power supplies on ships or in aircraft or for specialized 
installations such as large electronic computors, battery charging 
equipment, etc. 

Voltage control is normally effected by varying the field 
excitation of the generator ; this can be done either by providing 
two field windings on the machine—one supplying a constant 
excitation and the other controlling the machine—or by using a 
rectifier mixing circuit such as that shown in Figure 14.20. Ina 
particular application of the latter alternative the voltage of a 
1-kW. generator is maintained at 250 volts -- 1% for all normal 
variations of load, mains supply, etc. The full range of excitation 
corresponds to a field current variation from 0-33 amps. to 
0-5 amps. Of this, 0-3 amps. is supplied from the generator and 
the remaining variable quantity supplied from a magnetic 
amplifier. 

Generator voltage control is usually effected by means of a 
carbon pile regulator the output of which supplies the field 
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current. Very often, however, the initial cost of a transductor 
regulator is acceptable when more accurate regulation and greater 
reliability are the chief requirements. 


Voltage control 


Non-/inear 
A dridge 


Magnetic 


ampliFrer | 


Figure 14.20. Generator voltage regulator. 


(a) Frequency regulator for small alternator fitted in German 
missiles. One of the most notable applications of magnetic ampli- 
fiers to the control of generators was the frequency control of a 
small three-phase motor-driven alternator which was fitted in the 
German pilotless missiles.“ A circuit diagram is shown in 
Figure 14.21. 

The frequency reference was provided by the two series-tuned 
circuits supplied from the output of one of the alternator phases. 
One of these circuits was tuned slightly above and the other 
slightly below the required frequency. When the machine ran 
at the correct speed the rectified currents 7, and 7, were equal so 
that the resulting m.m.f. controlling the transductor via the 
windings c, and c, was zero. If the frequency increased, the 
current in one circuit increased while that in the other circuit 
decreased so that a resultant m.m.f. was obtained, the magnitude 
of which was approximately proportional to the difference 
between the actual frequency and the required frequency. If the 
frequency fell, the resultant m.m.f. reversed its direction. The 
a.c. windings (a) were placed across one of the alternator phases 
and in series with a bridge rectifier supplying the field current to 
the driving motor. The latter current also flowed in the self- 
exciting windings f. 

If, for example, the frequency decreased slightly the tuned 
circuits provided a control m.m.f. which was amplified in the 
transductor and the output controlled the field of the motor in 
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such a direction as to cause an increase of speed. The windings (5) 
were feedback windings which stabilized the system by applying 
an m.m.f. proportional to the rate of change of field current 
through the capacitor C,. 

The output from the alternator was approximately 150 VA. at 
42 volts r.m.s. and 500 c/s. During the first few minutes of the 
flight the d.c. voltage supply to the motor fell from 31-5 to 
29-5 volts, during which time the alternator frequency was 
maintained to within 0-1°% of the demanded value. 


D.C. 
Supply 


Figure 14.21. Frequency control for German rocket. 


(b) Alternator voliage regulator. The circuit in Figure 14.22a 
is that of a magnetic amplifier voltage regulator for a 3-kW. 
3-phase alternator supplying 210 volts per phase at 400 c/s for 
general-purpose laboratory supplies. The voltage reference in 
this case is obtained from the three saturable chokes, one in each 
phase. Each choke is arranged to saturate when the voltage is 
just below the required value. Small changes of voltage above 
the saturation value cause a large change of magnetizing current. 
All three currents 7,, 7, and i, are rectified and applied to the 
control winding of an auto-excited transductor ; another control 
winding carries the rectified current 2, flowing in linear resistors R. 
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The curve in Figure 14.226 shows the total control m.m.f. due 
to 21, % and +, plotted against voltage while the straight line 
shows the control m.m.f. due to the current 2,. If the alternator 
voltage is correct the resultant control m.m.f. is zero, but for a 
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Figure 14.22(a). Magnetic amplifier voltage regulator for 3-kW. alternator 
having a 3-phase output. 
(6) Total control m.m.f., due to saturable reactors and resistors, plotted against 
phase voltage of alternator. 


change of voltage AV, the control m.m.f. is equal to f4,. This 
m.m.f. varies the output from the transductor which in turn 
varies the alternator field in a sense which tends to maintain the 
alternator voltage constant. With this arrangement the output 
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voltage was maintained to within + 14% for the full load change 
and the full range of temperature variation. One attractive 
feature of this application lies in the fact that the whole unit, 
including the reference, is magnetic, and hence it runs satisfac- 
torily for indefinite periods without the need for servicing or 
adjustment. 

(c) Voltage regulation of large machines (magnestat regulator). 
This type of regulator, as applied to the voltage control of 
generators, comprises a voltage-sensitive circuit and a magnetic 
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Figure 14.23. Magnetic amplifier/amplidyne voltage control of 30-mW. 3-phase 


alternator. 
By courtesy British Thomson Houston Ltd. 


amplifier, which together control the generator excitation in 
response to deviations in the controlled voltage. The magnetic 
amplifier supplies the exciter field power through the medium of 
an amplidyne in the case of large generators. For small generators 
the amplidyne is sometimes omitted, the exciter field being sup- 
plied directly from the magnetic amplifier. 

The circuit diagram in Figure 14.23 applies to a 30-MW. 
alternator. The magnetic amplifier is controlled by means of a 
voltage reference circuit of the same type as that described 
previously. 

The output of the amplifier feeds a bucking field on the ampli- 
dyne which in turn controls the field of the main exciter and hence 
that of the alternator. A feedback circuit (f) stabilizes the 
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system by transient feedback of the main alternator field voltage, 
i.e. rate of change of field current. 
A photograph of the unit is shown in Figure 14.24. 


14.8 Speed Control of Electrical Machines 


The automatic speed control or torque control of motors is 
often required for machine tools, crane hoists, etc. The control 
can be effected by rotary amplifiers, grid-controlled rectifiers or, 
in the case of a.c. machines, by variable transformers or induction 
regulators. 

The transductor or magnetic amplifier can also be applied to 
the speed control of either a.c. or d.c. machines and is generally 
suitable at power levels up to a few kilowatts. For power levels 
in the megawatt range it is preferable on economic grounds to use 
a rotary amplifier as the ultimate controller ; the rotary amplifier 
may itself be controlled by means of a transductor amplifier. 

Electrical signals representing the required and actual speed 
or torque are compared, the error signal then being amplified to 
operate the controller. 

The speed of d.c. motors may be controlled either by variation 
of the field current or by varying the supply to the armature, 
with the field giving a constant excitation. The advantage of the 
latter is that a wide speed range is practicable, full torque being 
obtained down to zero speed. In addition, the response time is 
more rapid than if the field is used as the controller. On the 
other hand, the power output required from the amplifier is 
considerably less when supplying the field, since a certain amount 
of amplification is obtained in the motor itself. 

It will be clear that the various methods of speed control will 
be very similar to frequency controls for motor generators. If 
accurate speed control is required, it is necessary to measure the 
speed by means of an a.c. or d.c. tacho-generator. Otherwise an 
approximate measure of the speed is given by the generator 
e.m.f. as in the following example. 

(a) Motor speed control. A simple and robust speed control for 
a d.c. machine is shown in Figure 14.25. This arrangement 
obtains a measure of the speed by measuring the armature 
voltage V, and comparing it with a constant direct voltage in 
order to give the error signal. Owing to the voltage drop v in the 
brushes, and also the armature resistance drop 1,R,, however, 
the armature voltage does not give a very accurate indication of 
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Figure 14.25. Circuit of motor speed control using 3-phase magnetic amplifier. 


the speed and a better one is given by the e.m.f. Thus an addi- 
tional control winding N, (shown dotted) carries a current 
proportional to the armature voltage drop and therefore the error 
signal, i.e. the total control m.m.f. is more nearly proportional to 
the motor speed. This may be seen as follows : 
From Figure 14.25, the total control m.m.f. A, is given by 
VV ; 
A, = Pig ty =P ON 4 
¢ 
where 7, 1s the armature current. 
Now since the armature voltage is given by 


Vea=H,+ th, + 4, 
the control m.m.f. may be written as 


i) 
A,= LV, ipRa— 0 — Hy FEW a tay 


RAN, 


Thus if N, is made equal to , the control m.m.f. will be 


c 
proportional to the error between the reference voltage V, and 


the e.m.f. H,, the latter being proportional to the speed. 
The circuit shown in Figure 14.25 applies to a three-phase 
system, each phase containing an auto-excited transductor. In 
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this application the closed loop is stabilized by making the 
transductor time-constant large compared with that of the 
motor. This is done by winding short-circuited coils consisting 
of single straps of copper foil over the control winding. Thus the 
response of the motor to demanded changes of speed tends to be 
sluggish. Using this regulator, the speed is maintained constant 
to within + 2-5% from no-load to full-load torque. In addition 
the speed may be set to any value from zero to maximum. A 
photograph of the unit is shown in Figure 14.26. | 

If more accurate control is required it is necessary to use a 
separate tacho-generator to measure the speed, as in the following 
example. 

(b) Magnetic amplifier for rate gyro speed control. The output 
from a rate gyroscope is dependent for its accuracy upon the gyro 
rotor maintaining a constant speed. In one application to fire 
control equipment the speed of the gyro rotor is maintained at a 
constant value by using a magnetic amplifier speed-control 
system. 

A small a.c. tacho-generator is fitted to the gyro rotor to give 
an alternating voltage output whose frequency is proportional 
to the speed of the gyro. The frequency reference consists of two 
series-tuned circuits similar to those discussed in section 14.7 (a). 
The current in these circuits is rectified and applied to two control 
windings on an auto-excited magnetic amplifier. The output 
stage consists of a three-phase transductor, one a.c. winding being 
placed in series with each supply phase to the gyro motor, which 
is a three-phase squirrel cage induction motor, the gyro rotor 
forming the squirrel cage armature. 

The accuracy of speed control depends primarily on accurate 
discrimination and high gain and stability in the tuned circuits, 
which consist of constant permeability dust iron toroids and 
silvered mica capacitors. The overall accuracy of speed control 
was 4% for a supply voltage variation of -- 10% and a frequency 
variation of + 2%. The whole equipment operated from a supply 
frequency of 333 c/s. 

An interesting feature of this application is that the time- 
constant of both amplifiers, although amounting to something of 
the order of one second each, is extremely small compared with 
that of the gyro rotor, the time-constant of which was several 
minutes. For this reason, the system was extremely stable even 
for a very high amplifier gain. It is true that a sudden change 
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in the reference (i.e. the demanded wheel speed) would be followed 
by a prolonged transient ; this was immaterial, however, since 
the wheel speed was always required to be maintained at the same 
value. Short-term variations of supply voltage and frequency, 
on the other hand, produced no appreciable transient due to the 
smoothing effect of this large time-constant. 

A photograph of the speed control unit installed in the com- 
puting equipment is shown in Figure 14.27. 

(c) Fast response amplifier for motor speed control. In general, 
if the maximum speed of response is required from a motor speed 
control, the amplifier time lag must be reduced to a value which 
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Figure 14.28. Control characteristic of 3-phase high-speed amplifier for motor 
control. (After Maine.) 


10 
30 


is small compared with that due to the motor inertia. If, however, 
the amplifier is operating from a 50 c/s power supply the response 
time is likely to be excessive if the whole gain is obtained from one 
stage. 

In such cases, therefore, multi-stage high-speed amplifiers 
similar to those discussed in Chapter 9 should be employed. 

A two-stage three-phase magnetic amplifier has been designed 
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Figure 14.26. Magnetic 
amplifier speed con- 
trol unit for a dc. 
motor. 
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Figure 14.29. Fast response mag- 
netic amplifier for motor speed 
control. 


By courtesy de Havilland Propeller Co, Ltd. 


Figure 14.30. Tquipment for aircraft vibration testing. 
By courtesy de Hurvilland Propeller Co, Ltd. 
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along these lines for the armature control of a ? h.p. d.c. motor 
having a speed range of 20: 1.14) 

The motor speed is measured by means of a tacho-generator, the 
output voltage from the tacho being compared with a constant 
voltage representing the speed reference. The resulting error 
signal is power amplified in a cathode follower which drives the 
first magnetic amplifier stage. 

Both magnetic amplifiers employ three-phase circuits such as 
those described in Chapter 9. 

The first stage employs six cores, each comprising 3 in. stacks 
of H.C.R. laminations (No. 522). The turns ratio is 1} : 1 and each 
core unit is of normal transformer construction. 

The output stage, which is rated to supply a maximum output 
of 1 kW, consists of 6 H.C.R. toroids, each one being 6 in. diameter 
and having a sectional area of approximately 1:5 sq. in. B.T.H. 
germanium junction rectifiers are employed throughout. 

The control characteristic of the two amplifiers in cascade is 
shown in Figure 14.28. When operating into a load of 200 2 the 
overall power gain of the amplifiers is 16,000 and the response time 
approximately 1 period of the 50 c/s mains. 

The overall loop gain of the system is 38 dB, and a photograph 
of the unit is shown in Figure 14.29. 


14.9 500-W. Vibrator Magnetic Amplifier 


This represents another application of the high-speed type of 
circuit in which an amplifier was required for energizing a moving 
coil vibrator for aircraft resonance testing. The vibrator in 
question has been designed for operation from a 500-W. electronic 
amplifier ; but the advent of larger aircraft provided a need for 
lower frequencies (down to 1 c/s) than the electronic amplifier 
would handle. Further requirements were extreme robustness 
and compactness for field work, good waveform with a minimum 
of spurious outputs, and full power from less than 1 c/s to more 
than 100 c/s. 

These considerations led to the design of a push-pull magnetic 
amplifier driven from a motor alternator delivering 400 c/s three- 
phase.“ The moving coil of the vibrator is divided into two por- 
tions. These are connected to the two halves of the amplifier 
through a bridge circuit which removes the d.c. component of cur- 
rent from the vibrator, thus preventing overheating. The “ push” 
and “pull ”’ sides of the amplifier are quite separate electrically, 
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except for a common supply transformer. Each half comprises 
two stages and each stage is a full-wave three-phase circuit with 
the output voltage fed back in series with the input, as suggested 
by Scorgie,* for single-phase amplifiers. The feedback enables 
the amplitude response of the amplifier to remain constant for 
all frequencies up to 400 c/s, although a choke introduced for 
ripple smoothing causes some attenuation above 200 c/s. In 
order to use the amplifier conveniently with other existing 
equipment, the input signal is derived from a very simple elec- 
tronic device employing three miniature double triodes, This 
drives the two half amplifiers in such a way that “ Class B”’ 
operation is obtained. Signals of the order of tens of millivolts are 
sufficient to load the system fully. 

For convenience in handling, the magnetic amplifier with its 
frequency changer is mounted on a trolley. Leads to the trolley 
are for three-phase 50-cycle mains, input signals, and output to the 
vibrator. In normal use, up to four of these units with four 
vibrators are used for multi-point excitation of airframes. Accord- 
ingly the four electronic pre-amplifier units are placed on a 
common panel in the control cabin. Means are provided for 
producing any desired phase relationship between the four 
sionals in order to suppress unwanted resonance modes. A 
photograph of the equipment is shown in Fegure 14.30. 


14.10 Line Voltage Regulator 
The voltage regulation of a.c. supplies may be achieved by 


Bias tr ve my 
~] il & 
ES r 6 ke 6S a 
os L_gbalaot | Control current 
or I yY ME . a 
© Cantrof |. 4 
oa © s ae corss 
= pay BD 15) 


QANQALKAKLAND AS 


Figure 14.31. Circuit of line-voltage controller. 
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connecting a pair of transductors to the output of an auto- 
transformer as shown in Figure 14.31. This arrangement has 
been described by Hedstrom.'*”) When the control current is a 
maximum in one direction, the voltage drop across the trans- 
ductor A is small and therefore the output is virtually connected 
to the maximum supply voltage at a. When the control current 


{z 


eee 


Figure 14.82. Waveform of output voltage from circuit of Figure 14.31. 


is maximum in the reverse direction the biasing is such that 
transductor B has a low impedance and the output is effectively 
derived from 6. Thus the transductors only have to control a 
small proportion of the total voltage, namely that required for 
regulation purposes. The advantage of this is that the waveform > 
distortion resulting from such a controller is less pronounced than 
if the transductor were connected directly in series with the main 
supply line. A typical waveform obtained with this arrangement 
is shown in Figure 14.32. 


14.11 Automatic Battery Charging 


Lead-acid accumulators are in universal use, both as emergency 
supplies independent of the mains, or as regularly used d.c. 
supplies. The life of accumulators is dependent upon their being 
properly maintained. If they are left uncharged for long periods, 
sulphating occurs, and if they are overcharged excessively, 
mechanical strains are set up in the plates, which cause distortion 
and ultimate destruction of the battery. The battery should be 
maintained with a cell voltage between 2-15 and 2-18 volts and 
allowed to draw a small charging current sufficient to make up 
for losses due to normal action. The correct state of charge may 
be maintained automatically by charging the battery through a 
metal rectifier fed from the a.c. mains via a transductor, the 
current to the rectifier being controlled so as to maintain the 
voltage of the battery within the desired limits. 

Referring first to Figure 14.33a, the transductor is placed in 
the a.c. line and the battery is charged through a transformer 
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and. bridge rectifier as shown. If the charging current is 7, and 
the transformation ratio is unity, then this current will be propor- 
tional to the total control m.m.f. It will also depend to a small 
extent on the supply voltage #, and the battery voltage V, thus : 


] 
Va — N. [KH , oe KV, = aN ,]. 


If no self-excitation is used the rectifier current will be indepen- 
dent of the load current drawn from the battery. If, however, 
the load current 7, were fed back, then an additional control 
m.m.f. 7,N, would be added to the constant term i,N,, and the 
charging current 7, would be increased with increased load current. 
Thus the rectifier could be made to supply all the load current by 
making N, sufficiently large. The difficulty which now arises 
is that the feedback coil N, would be in series with the load and 
therefore the voltage regulation would be poor due to the voltage 
drop in this coil. Furthermore, once the load current stops 
flowing there is no automatic method of ensuring rapid recharge 
of the battery. 

A better arrangement is shown in Figure 14.33b. Normal 


reas 


load 


current 
Zr 


A.C. Supply 


(O) 


Figure 14.33. Automatic battery charger. 
(a) Without feedback. 
(6) With self-excitation and feedback. 
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self-excitation is applied to the transductor by feeding back the 
charging current. Thus the term NV, is now replaced by V,—N, 
(section 3.11), and the control current 7, is adjusted to a constant 
value just sufficient to allow a trickle charge to take place when 
the battery voltage is at its correct value. Due to the self- 
excitation, the charging current is more sensitive to a fallin battery 
voltage than it would be if no self-excitation were applied. 

Under these circumstances, the rectifier will supply load current 
only if the battery voltage V, is reduced and if a heavy load 
current is drawn for a length of time appreciable discharge takes 
place. This can be improved by feeding back the battery voltage 
to provide an additional control current through a resistance r as 
shown in Figure 14.336. The equation for the regulator is then 
given by 

; 1 NN 
tg = yy |(Ke ae tv.) _ Vy (x, “ae ve) 

Thus the charging current is now made more sensitive to 
changes of V, and reduces the effects of variation of supply 
voltage and rectifier characteristics. The system is in fact a self- 
excited transductor with overall negative voltage feedback, the 
latter ensuring a constant battery voltage. The sensitivity of this 
arrangement can be such that for a fall of about 2° in the battery 
voltage full charging current flows. 
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APPENDIX 1 


Basic Transductor Equations for Various States of Operation 


SSUMING a magnetization characteristic of the form shown 
Ain Figure 3.1b, the following results may be derived for the 
various states of operation : 


(i) Both cores unsaturated (Figure 3.2b). 
Equations for control circuit and a.c. circuit may be written 
down thus : 
do 4 “ta 
= See tape S «a +A I 
z, =N,|t4 4 (1 
de 4 ae 
LE .= — — —= bk mw v2 
° | dt dt 2) 
Also, since both cores are unsaturated, the m.m.f.s #, and F, 
must both be zero. Hence : 


fF, =1N, +1, =9 <. . « 8) 
F, =1N,—1,V, =9 - 2. . (A) 
Therefore tea) 
and z, = 0. 


Dividing (1) by NV, and (2) by N,, adding and subtracting gives 


By, By _ dps i 
oN, '2N, dt — 
nd Es. Bs _ Me ax @ 


ddd. 
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Assuming #, is positive and considering a positive half-cycle of 
E E 

E, then, provided y = y 6, will be increasing and 4, will be 

decreasing. In the following half-cycle #, changes sign, therefore 

the flux changes also reverse. Thus if 4%, is the rate of change of 


flux when increasing and ys, the rate of change when decreasing, 


d 
where J = ue we have in general for both cores unsaturated : 


dt 
E, | Z| 
by — 2N, ae 2N, (7) 
H. \ ee 
2 =o — oN (8) 


(ii) One core saturated (Figures 3.2c and d. 


Considering Figure 3.2c : 


d 

= Rien aia cc vet. a (0) 

dt 

uy aby 
== —- We toot e ® e 10 
i, vine Ns dt ( ) 

also, since core #6 is unsaturated 

F,=0 =1,.N,—1,N, oe de 246 3GIT) 


Multiplying (9) by NV ,/R, and (10) by J ,/R,, subtracting and 
collecting terms gives 


HN, HN Ne sae |e 
c c a a a —_ ¢ a “Tb 9 
R, Ry fe TR! at va 
ee , cc. NG. Tey 
Multiplying throughout by £#,/N7Z and putting We RT? 
gives a +t, 
d KE, 1 
OR UE, ee HIS 


dt N,l+y N,l+y 


In the following half-cycle core B saturates leaving core A 
unsaturated, and it may similarly be shown for Figure 3.2d that 


do, He y_ 


dé N,1l+y 
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Since in the last case, however, we are dealing with a negative 
half-cycle, the supply voltage has become numerically negative; 
we may therefore write a general equation for the flux change 
in the unsaturated core when the adjacent core is saturated thus : 
E E J 
ee (15) 


aE hg NS gy 


Substituting equation (13) into (10) and (9) and collecting terms 
gives, for positive half-cycles, 


__7% [BN lz 
i= 4] N, + #, R, . . . (16) 
Se E + ae 17 
Gene a. le (17) 
and similarly for negative half-cycles by considering Figure 3.2d : 
Pepe ai (eee |z 
a= | N, +E, Rot 4 (18) 
i EN,| 1 
. — + | ~ & -» Gl 
and as -|F Y, le (19) 
APPENDIX 2 


Determination of Time-Constant of Transductor with a Square Wave 
Supply Voltage 
If equations 3.17 and 3.18 are combined we get an expression 
relating two successive conducting periods 8, and f, thus : 


_ vi te P Ps — Pp 


B. oD ar ae By 
putting a =a wi ode eg. GD) 
and no . —b a ee C2) 
gives B, =ap, + b. 
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By considering the nth conducting period, a precisely similar 
relationship may be obtained : 


By = 48,1 + 6 
= a(aB,-2 + 6) +6 
— afa(aB,-» +b) + 6] +0. 
= 08 3 + (a +a -+ 1)b 
=p, +~t(a@t+ar7+...+1)0 
for positive integral values of r < n, 
putting r = n — 1 gives 


eae Si ak Ca A a aC 


thus, by summing the geometrical series in brackets 


B, =a"B, +> a ~~ |s - se 8) 


a 


This expresses the duration of the nth conducting period in 
terms of the first and the circuit parameters. 
Now since us, and #, are numerically negative and 


| #1] >| bo] > | os | 
we have 0 <a <l. 


Also the steady-state value of f is given by the value of 8, as nN 
tends to infinity. 
Therefore from (3) we have as n —> oo 


b 
S——— - & w 
—— (4) 
(i) Value of steady-state mean current 1, 
Now the mean value of the current 7, during the nth half-cycle 
is equal to the value of 2, during the nth conducting period 
multiplied by the fraction of the half-cycle over which this current 


flows, 1.e. 
i. = oe [lie]. 


In order to obtain the steady-state mean current we substitute 
for |7,| from equation 3.12 and for 8 from equation 4 above 
giving 


Fee (Hele \e 
ee ( ia ee ee Gee z, 
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substituting for 6 and a from (1) and (2) gives 
jhe i Ro) 
$1 +d. — oy l+y #,\2N, 2N, 


giving 1, = OS aa ee) 


hy + fg — pg 1+ y Ry 
substituting for %,, 4, and #, from Appendix 1 (equations (7), (8) 
and (15)) gives, for the steady-state, 


Va Seay WN. : . : (5) 
(ii) Tume-constant 
The time-constant is defined by the time required for the 


] 
output to reach a fraction, ( — “), of its steady-state value. 


] 
Thus putting p,, = € os -)B 


we have from (3) and (4) 


ee eee 


If this equation is solved for n, the value found for nm will be the 
number of half-cycles which occur before the output has reached 


€ — “| of its final value. 


Firstly it is necessary to determine the value of £,. Now f, is 
the duration of the conducting period in the first half-cycle. 
Assuming that the initial flux in core A in the first half-cycle is at 
negative saturation, then if #, hadnot been switched on (figure 3.4) 


E 
the flux would have increased at a rate equal to ra and 


would just reach the positive peak value at 7/2; therefore we 
could write the total change of flux in the first half cycle thus : 


but since os | = 3(4, — %,) (Appendix 1, equations 7 and 8) 
Mba + ba) 2 
we have |: eee Aa 
; $, 2 
ae 
=a 


Appendix 2 
Therefore substituting in (6) and multiplying out gives 
o(1 2) =a (1a) +20 a 
so that, collecting terms : 


aa (1 +0) 
e€ 


log ane 
and. m=1+ a) (7) 
log a 
It may easily be shown by substituting that 
aaa ay 
= dl merece an 
ae an +4 or 
log (ie 
giving n=1+—2_ (8) 
log = 
yard 


Now since 7 is the number of half-cycles corresponding to the 


i i 
time-constant and the duration of each half-cycle is op we have 
_ 
T= of 
substituting from (8) and interchanging numerators and denomi- 
nators in logarithmic terms, gives 


ye 
ljeeeet 
1 aoe re 
r= 51+ (9) 
z log » 
ieee | 
APPENDIX 3 


Flox and Current Waveforms with Sinusoidal Excitation 
The following analysis indicates the method of establishing 
the cyclic flux and current variations in a transductor which is 
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excited from a sinusoidal supply voltage Hi’, sin wt, and to which 
is applied a direct voltage £,. 

Referring to Figure 3.5, it is first necessary to determine the 
time at which a core comes out of saturation. This occurs when 
the core m.m.f. decreases to zero, which in turn is governed by 
the condition 2, —> 0. 

The current 7, during conduction is given by equations 16 and 
and 18 in Appendix 1 and, putting H, = H, sin wt, by equating 
these to zero it is seen that the current decreases to zero after a 
positive half-cycle 
HN 


when EL, sin wt = — Wy “ (from 16) 
and after a negative half-cycle 

LN, 
when Hsin at = ——* (from 18). 


c 


Thus if two horizontal lines are drawn each displaced from the 


zero by equal amounts “in opposite directions asin Figure 3.5a, 


c 
the times of desaturation tg1, tga, tg3, etc., are established where 


these lines cut the sine wave as shown in the figure. 

Let us now concentrate on the desaturation which occurs at a 
time t’ after the end of any one particular half-cycle of the supply. 
It is clear from the geometry of Figure 3.54 that t’ has the same 
value in relation to all half-cycles. 

Let us therefore concentrate on the flux and current changes 
which commence at time ¢’ in the nth half-cycle say. Suppose the 
flux in core A is increasing towards saturation, integration of 
equation 3.5 gives the total flux change from ?t’ to ¢ as 

t 


t 
Ad, = sit | Ie ON, J Slim wt dt. 
? it? 


c / LB, 
=2-(¢—0) + 
2N, 2w y, 
In order to get the actual flux value it is necessary to know 
the initial flux ¢dgp—1). Also, since the voltage across each a.c. 


E 


(cos wt’ — COs wt) . (I) 


coil is half the supply and, furthermore, 5 HE, =£,, we have 
E. 

2fN , : 
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from equation 1.23, 
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cay 


so that DS (putting w = 27f). 


SaN, 


Thus the value of flux at any time f is given by equation 1 as 


iH 
b4 = ¢anm—1) + oN (¢ — t’) + ®, (cos wt’ — coswt). . . (2) 


Thus assuming ¢gi,_3) 18 known, ¢4, may be plotted and the 
saturation time t,,, will be given by putting 6, — ®,in equation (2). 
Meanwhile the flux in core B has been departing from saturation 
and at any instant after ¢t’ it is given by integrating equation 3.6 
and adding the ae flux ®, thus : 


Px 


The flux ¢d, follows ooh (3) until core A saturates at the 
time ¢,,, already determined from (2) and at time #,,, 


i, 
dp = ban =P o 


During the time following ¢,, while core A is saturated, the 
flux d, now changes according to equation (3.16) from the initial 
conditions ¢, =¢,, and t =t,,. Thus integrating 3.16 and 
putting in the initial conditions we now have 


Li, 2 
bp=Pan boo j i. ae (t — bon) — reo . D, [cos wt,,,— cos wi] (5) 


The flux ¢, will continue to change in this way until core A 


ar tt —- t') — , (cos wi’ — coswt) . (3) 


C3 t’) — ®, (cos wt’ — cos wt,,) . (4) 


fe 
desaturates at a time tg, = 7 +t’; the final value of d, is 


given by 
E, 9 
bp= Pon= Pant Ly : ante) Ty D,[cos Wha, — COs wlon| (6) 
and since tg, = +0 
EST. , 
Den = Pent ao YN, E bs Les —_ ify? ;| COs 3) a COS wl | (7) 


In the following (n + 1) half-cycle the flux in core B proceeds 
towards saturation repeating exactly the same process (equation 2) 
but inserting the newly found initial flux ¢y,. At the same 
time core A departs from saturation from the initial value ©, 
according to equation 3. Thus in each successive half-cycle the 
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fluxes 6, and ¢, exchange their operation, and therefore knowing 
the initial flux in the unsaturated core in any halt-cycle (e.g. 
doin—1)), the flux waveforms for all succeeding half-cycles may be 
traced. 

Now the initial flux corresponding to ¢g, at the beginning of 
the first half-cycle when H, is applied is known to be equal to 
— ®, and therefore the complete transient can be traced from the 
first half-cycle as above. Having determined the fluxes, the 
currents 2, and 2, are easily found since the times of conduction 
are now known. The current waveforms are found from equa- 
tions 3.9 and 3.10—replacing Z, by HE, sin wt and inserting the 
appropriate values of ¢ as fixed by the saturation of the core 
fluxes. 
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Determination of Transductor Gain Assuming Core of Finite Permeability 


The following Papeeae are used to derive the transductor 
voltage gain : 


tN, + ASO, =7,(N, — Ny) + (1 + A) Sy (equation 4.12) (1) 
dy = 9, + ¢, (see Figure 3.10) - we 2) 


CO. = SN, (equation 3.39) Sc oe 8) 
tae ie (by definition section 4.3) - . . (4) 
2. ee 

Ce wr ok. SE) 


Supply voltage factor 
££, ®, — © 
7 Bas — Q, 
It is required to find a value for the transductor output voltage 
é, in terms of the control voltage £,. 
All the necessary equations are available (1-6) and obtaining 
the result is merely a matter of substituting. 
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° (equation 3.38) ~ . . (6) 
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Considering equation (1), substituting for ¢, from (2) collecting 
terms and eliminating ®, from (6) gives 
7,.N, + 80,[K (1 +A) — 1) =1, (Ny — Nj) + (1 + 86, 
substituting for ¢,, 7, and 7, from equations (3), (4) and (5) respec- 

tively gives 
: pee es HN, 
ss lg SiN, 1 


(KO +—] 


R, i. 
multiplying by Nv. - and putting O, = aa iN, 


NaN, at Ca E,.P, 
i R, - (sfN NV, WK (8fN ,N,)/S 


Vee eae 


Now the ratio 


N 
% ° is equal to the mutual inductance M,, 


between a control winding and an a.c. winding 


Iso puttin — nae eee 
als p g Bo iN. R. 
and. w = Inf 
gives 
= a(l1 +A) = 7 Lb, - 
iB aed Be i 1 oe 
ea|hy + TO OM B+ Te BK +) = 
4 M 
putting nl A) R, =g, and oo through by g, 
ives 
: Zlduty + 1] = gy. + 5 [K (+) — 1 
* = Jy i. ‘e (Leh d) =| 
Gs a Ss eae ee roe 


This gives the voltage gain of the transductor as 
06, Jy 


SH, 1 + guhy 
from which it follows that the current gain is given by 


Ot, Jy k, 
pt es a 107 
Ou, | oF July Rar \page 
which may be written 
ee Ge 
' lL+Q,h, 
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where gj, = : OM og 
a leek) ag 
eo N a N; far 
: N, fy 
and for resistive load since 7, = 7%, and R, = R,, = R, 
4 wM a 
ae ake 
N,—N, 
i i 
For resistive load the ampere-turns ratio is 
d(t,NV 4) G! ares J; Ng 
67M.)  ™ 1l+gh, N, 
N 4 wl 


ald WW ad ta) R, 
2 
where Loy = o and is the self-inductance of one a.c. coil 


assuming 100% coupling. 


Thus the ampere-turns ratio G,,, may be written Im 
Lt Ginlim 
here : oLay 
whe = 
Im TA +a) R, 
N,—wN 
fee 
m™m N, 
For smoothed control current A = 1 
2wb 
d ets aa 
an =e 
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Similarity Theorem for Self-Excited and Auto-Excited Transductor 
The object of this proof is to establish an equivalence between 
self-excited and auto-excited transductors and in particular for a 
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given auto-excited (parallel circuit) to determine the circuit 
constants which must be applied to a self-excited transductor in 
order to make the two circuits electrically identical. 


iA 2 
S, AISCS per 
e/ement 


S iC QISCS Pep 
N element 


(b) 
Figure A. 


The auto-excited circuit is shown in Figure A (b) and the 
following known circuit constants apply : 


Control circuit resistance =i; 
Load circuit impedance ae Si 
Control turns per coil =. 
A.C. turns per coil SN, 
Resistance per a.c. coil a ee 


Number of discs per rectifier element — 8; 


We now wish to know the corresponding numerical values of 
turns, resistance, etc., in the equivalent self-excited circuit for 
which the corresponding unknown constants are respectively 
Ri, Z", Nt, Ni, rZ, and S7; in addition the turns on each self- 
exciting coil are N; and the resistance of each one is 1;,,. 
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It will be assumed that the cores are all identical and have 
magnetization curves defined by the function 


¢ = oF) 
and that the voltage drop across a rectifier element 
is Sif) 


where S, is the number of discs in series and 7 the current in 
the element. Considering the auto-excited circuit, Figure A (0), 


Pia = WN G3 + Nt) re C2, 

Pp = W(Nots + Nite) 1 + (2) 
— Ris 4. ye] tA ai] 

i, ~ Ris + wi aE di : : : (3) 


For the a.c. circuit through JNHH 
, b's 


Hy = Zi, — 08) + rig, + WLS FSG) 

and for the a.c. circuit through JMCH 
"tar °/ rot ! d ; ) pesy 
B, = Di, — 69) — ris — NSP — Sift. 


"dt 
Adding and dividing by 2 


eB ere? Nildd', dd 
Be = Bi — i) 4 9 + oT 


F 3 Le) — f(%)] - + (4) 
Also through the closed circuit MNEHC : 
ee ey “fa 
Ones Nilao + os 
Paw (2; ie dy) a il dt =e dt 
+ By fq) + 87 f(%). 
Dividing by 2 


ry. NT dd’, 
Q = tw ry 1 Aa 
2 + ay 4 | 


i fa 


dt 
Seen : : 
+ SI) + FG : a @ ©) 
Now considering the self-excited circuit Figure A (a) : 
== WINGS + NGGE + ig) + Wait ~ 
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making N; = N? 


6 = wns + NK che © 
Similarly 
B= BLN Gag + 2N Go Se a A 
Also 
db’ “te 
EB es wen LA : ; . 8 
c Revs +n; | ig dt ( ) 


For the a.c. circuit 


wee oH nope cit ” d y d i 
i, =Z (24 = by) ae 27 ow — 5) ale w;| v4 —_ ~t3| 
+ Sr [f(t1) — f(t2)] - 2 (9) 
For the self-excitation circuit with N; = N7 
pee dps 3 
_ 9 " ee “TB 
0 Pry(0y ae 12) a Ne] dt ae dit 


+ STP) + fe)] - + + (10) 

Considering equations (1) to (5): here we have five equations 
with five variables, namely 

$s Pm UY ty and ts, 
and assuming the functions representing rectifiers and core 
materials are single-valued ones, a unique value can be assigned to 
each variable in terms of the applied voltages and circuit con- 
stants. 

Turning now to equations (6) to (10) for the self-excited 
transductors, we have five unknowns and five equations. If 
equations (1), (2), (3), (4) and (5) are compared with equations (6), 
(7), (8), (9) and (10) respectively, it is seen that these equations 
are of precisely the same form and, provided the circuit constants 
are given appropriate values, the solutions for the fluxes and 
currents must be the same. 

Thus, examining these constants in each equation, it follows 


that all the equations are identical if the following conditions 
hold : 


Ny =¥; 
N' 
N’ =N? ="3 
2 

RY = Rk; 
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Vhs = GZ 
f 
L 
" a aw 
DO ay eee ee 
aw fw 4 
or 
gr 8 
l i Cy 
2 


If the equations are identical, the circuits must be identical 
so far as the five unknowns are concerned and since the latter 
completely specify the circuit this gives the conditions for which 
the self-excited transductor is identical to the auto-excited trans- 
ductor. 

It should be noted that in the self-excited circuit the self-exciting 


current te = 1, +4, 
and the load current tq = 1 — %. 
Thus RO ee ts Ta 
2 
sad fy a 
9 ase . 
2 


Similarly the load current 2, in the auto-excited circuit is 1, — 15. 
Thus the currents 2; and ¢, flowing in the a.c. windings A and 


te +4 le — Uy 
B respectively may be written as aa and. ae where the 
”) e e 7d e 
component . is regarded as a circulating current as shown in 


Figure 5.1. 
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é ES é = 
Evaluation of the Ratios “= #, and —* = #,, for a D.C. Load with 
7 


Parallel Capacitance and Square Wave Excitation 
Considering the waveforms in Figure B (a) and the circuit (5), 
the conducting period commences at ¢, and ends at tg. Over this 
period the supply voltage is ungated and applied to the load. Due 
to the routing action of the load rectifier the transductor voltage 
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ce, always acts in the same direction in the d.c. circuit and is 
opposed by the load voltage for both negative and positive 
conducting periods (see Figure B(a)). The load voltage is 


7, 7 
4» ~ OL 


i ”, 
ZZ 


we at ee ae a ew ee Scan Seah ed aii ea 
gy 
af 
tas z 
Vy ify 
LP, Z f os 
Lr 2 A EL, & ,, a a are rf 
7 


YW 
CLS, | i J = 
LZ fener ecermeey- “mart amein: AN, snemrenreoma eee: Cd. ae 
{ é S si 2 
a - 2a é 
i] Vee, 
hee 
" 44 i 
i Me 
H eee | i 
Psst ee Lee a i 
(i) 
RE EON AT ran ea i anit acy 
Ws i 
od be Vas Ne ‘a y an Z, { 
Si ge a Se , ra I os 
Fe x cd - 4, « 
row, x?) & =; : 
ae me he] 
AES ad, a > cd ad ft * | < “oy | 
fransaductor| €x Yi. | 
(i) POS 2 ee ; 
(B) 
Figure B. 


assumed to remain constant throughout the cycle due to the 
smoothing action of the capacitor. The transductor current 2, 
only flows during conducting periods but, as shown in Chapter 6, 
equation 6.16, we have 
aly 

also Oe ieee 
From Figure B over the conducting period we have 

eal Gy = 
Integrating throughout from 7, to tg gives 


tQ £Q 


te é 
| le,(dé — { ae { ii,|de. 
tg 


tq tq 


Now, in any half-cycle, the output e, only appears during the 
interval ¢, to tg, therefore the first integral on the left is the total 
voltage-time area due to e, over a half-cycle and must therefore 


b 


C6 a 
2 
ea ; a: cere ee 
Similarly, the integral on the right is 9 eta = tate from (6.16). 
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Finally, e, is constant throughout the cycle and it may therefore 
be written to 


‘i ‘a 
thus ae Diiet: = 9 tate 
zs R 7 
therefore a = rt + (28/7') ails = 2 
tL Vy ba 
thus Pee dyn | be (28) P) alk 


APPENDIX 7 


Effect of Smoothing Capacitor with Sinusoidal Supply 


The improvement obtained in the maximum output by using 
a smoothing capacitor across a d.c. resistive load will now be 


T-Wwlg wtg Wty \, yf \ P 
LUNES ee % 2 \ a 2 


Figure C. 


considered for the case of a transductor with a sine-wave supply 
voltage. 

Referring to Figure C, the supply voltage is ungated and 
applied to the load at time ¢, in each half-cycle. Also, as discussed 
in section 6.5, the conducting period ends when the transductor 
current 7, decreases to zero. The e.m.f. which is available to 
drive current through the external transductor circuit and its 
own internal resistance is given by the difference between the 
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output voltage e, and the smooth load voltage ¢@, = 7,R,, this 
difference being given by the shaded area. Therefore the end of 
conduction tg is defined by the condition 


Hsin wtg = Ri, ~ ¢ & a 


Let us first consider the voltage developed across the load in the 
absence of smoothing for two cases : 


(a) At maximum possible output : 


in thi 1, —E# a : 
in this case 1, =H,. Ra dege 
oR it 
i.e. Rt, = — Se 2 
se a SEN oe ?) 


(6) At a firing angle of 90°. 

This case is relevant because at this stage the transductor is 
often approaching its limit of linearity. Since there is no smooth- 
ing, conduction ceases at approximately the end of the half-cycle, 
i.e. tg = 7/2 in this case ; the mean output voltage is clearly one- 
half that of the previous case 


KR 1 
and Ri, =— ¢ o: HH i) 
hee (7,/R,) 


Now, in the presence of smoothing, the mean output voltage is 
given by equation (1). Hence the improvement obtained by 
using smoothing can be found either at maximum output or for a 
firing angle t, = 90°, by combining equation (1) with either (2) or 
(3) respectively. 

Thus, combining (1) and (2), the factor of improvement at 
maximum possible output is 


“(1 i =) in wt (4 
= 8 a « 

9 Re sai? ) 
and at a firing angle of ; the corresponding factor is 


r(1 + 72) sin ot, ee 


In order to evaluate these it is necessary to know the value of tg 
in terms of the circuit constants. 
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Determination of tg. 
Referring to the waveform in Figure C and the circuit in 
Figure B (b), we have : 
Over the conducting period from #, to tg 
tt, =H, sin ot — R,i;,. 
Integrating between the limits ¢, and fg gives 
tQ 


£@ LQ 
ie | idi =H, | sin wt .di — R, | tat. 
tg . 


tg 
Since the current 7, only appears during conducting periods, 
the left-hand integral must be oo to the total current-time over 
the half-cycle, 


, dy Bi, 
1.e. . 1 tq = — - [cos why — cos wi,| — R,2; [fg — t,]. 
and. t, = 2, (equation 6.16), 


therefore substituting for H,, multiplying out by w and collecting 
terms gives 


TY » =| wl 


ie * — cot ote POU ge): «  & (0) 


sin wt 
Case (a) ai maximum possible output. 


In this case we have conduction commencing as soon as the 
supply voltage exceeds the load voltage, 


i.e. when wl, = 7 — alg (see Ligure C). 


Substituting this condition in (6) gives 
7 Vy 


Case (b) for a firing angle wt, = 7/2. 


Substituting wt, = 7/2 in equation (6) gives 


2P. 
cot wha -|- wle = = 3 7( se =). 
L 


Thus the time at which conduction ends, ég, is determined by the 
time at which it commences, t,, and the ratio of the internal resist- 
ance to load resistance. In the table below the value of wtg is 
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tabulated against the ratio r,/R, for the two conditions shown. 
The factor of improvement for both conditions is also shown. 


———) 


. Casitas ae Sg Factor of i perernen Factor of meaner 
a Pe for ns at = 3 G + =) sin wta = € + zm) sin wha 
output. oy Case (a) Case (b) 

0 90° 90° * 1-57 3-15 

0:05 a 131° 1:36 2.5 

0-1 131° 140° 1-29 2-2 

0-2 140° 149° 1-21 1-93 

0-3 145° 154° 1-17 1-78 

0-4 149° 157-5° 1-12 1-68 

0-5 151-5° 160-5° 1-11 1-56 

0-6 154 162-5° 1-10 1-51 

0-7 156 164-0° 1-09 1-47 

0-8 157-5 165-3° 1-08 1-44. 

0-9 159-0 166.5° 1-06 1-39 

1-0 160-5 167-5° 1-05 1-36 


iad 


* In this particular case it appears that since both wtg and wt, are equal to 
90° there should be no output whatever. It should be remembered, however, 
that r, also is zero, for which condition the capacitor stores a large amount of 
energy in a very short time. Thus this case is clearly a limiting condition for 
which the mean output is given by #,. 


APPENDIX 8 


Time-Constant of Transductor with Several Isolated Control Windings 


When several control windings are coupled together, the flux 
time-constant of the transductor is equal to the sum of the 
individual time-constants. This will now be proved on the 
following assumption : 


(a2) That the a.c. supply voltage is sufficient to cause the core 
fluxes to vary from positive to negative saturation in the 
absence of a polarizing flux. 

(b) That the whole core flux links each winding. 

(c) That the magnetization curve is linear in the unsaturated 
region and that hysteresis effects are negligible. 


The following argument applies in particular to an auto- 
463 


The Theory and Design of Magnetic Amplifiers 


excited transductor and since the supply voltage is equal to L,, 
any mean flux, however small, will cause saturation during a part 
of the cycle. Thus 


dy = , (section 3.13) oe. = 
Furthermore, as shown in section 5.1, the core fluxes reach a 


minimum value ¢g during the cycle and this flux is determined 
solely by the control m.m.f. thus : 


£, = Sdo ° ° ° (2) 
From Figure 3.10 it is seen that 
dg = 265 — O, = 246, — ®, (from condition (a4) above) . (3) 


Considering the » control circuits in Figure 8.1 and writing the 
equation for each circuit 


es ae ) 
ds: = Rt Cj ae dt 
multiplying by =~ gives 
Cy 
oN re Ne 
RB eH ey 5 ie dt (ps is >») 
1 BN. Ny Ne 
AlSO a = LV obo, i B. dt (ps sii bp) 
a 
RO “ays Cn! Cr os a dt (pa Sie Ps) 


where any of the control voltages may of course be zero. 
Adding and putting $(4, + ¢,) = ¢, ae 
lhl, 


aa = DN4, +2 ee J > a ye 


1 Cn 


The term on the left-hand side is the final value of the control 
m.m.f. after the steady-state is reached. It therefore defines the 
final value of the minimum flux 4g where 


edt IN 
A= Se 

9 = Be, 

also Sho = SNA, 
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Therefore substituting for ¢dg and ¢g from (3) gives 
| Na Ne Nex |dbe 

$e = Pe arr * SR,, a ae a ‘ae | °F 


= dd, 
Reide ° 


| Ley, Le, 
thus Babe +/ Rt + ~+t 0.4 (5) 


fe Lt 


Cj ty) 


dd. 
* dt 
Equation (6) is the equation for the variation of control flux ; 
its solution is a single exponential rising to a steady-state value 
d, with a time-constant 7, where 


=o, +7 (6) 


Thus the fiux time-constant is equal to the sum of the individual 
time-constants due to each control circuit. It should also be noted 
that each time-constant is one-half that applicable to the control 
circuit operating under d.c. conditions, the latter being equal 


20 
to —. In the foregoing, the total contribution has been 
assumed to be due entirely to extra control windings. Any 
closed coils magnetically coupled to the control windings will 


give this effect, however, e.g., eddy current paths in the core. 


APPENDIX 9 


Investigation of Time-Constant Applicable to Rectifier-fed D.C. Loads 
with Inductive or Capacitive Smoothing 


It has been shown that during conducting periods the load 
current increases and during quiescent periods it decreases 
(Figure D (a)). Also that the load current reaches a steady-state 
value when the increase is precisely equal to the decrease. 

We will therefore consider the general relations applicable to 
the current « (Figure D) during one half-cycle between the 
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alee ae | 
(a) aie faa 


Inductive load Capacitive foad 

NAS : : ’ } 
iz ty = Rr la Ix | tz f 
Ca Ce C, 2Fz os A 


33 z 


i 


(6) Conducting period (da) Conducting period 


Z : z | 


(OD Relaxation (e Relaxation 
(Quiescent perfod) perrod 


Figure D. 


(n—1)" and the n™ conducting period. At the beginning of the 
n quiescent period the current starts to decrease according to an 
equation of the form 


di : 
Ky cera -- Ka a 0 e e e (1) 
dt 
from the initial conditions 1 = 1,_, when t = 0 
to the final conditions 1—2?'’ when ¢t = 


Solution of this equation by standard methods gives 
i! =4,_, oe dK 8) Se can SO} 


S| 


In the following conducting period the current is forced to 
increase by an applied voltage according to an equation of the 
form 

dt 
* dt 


and assuming both operations commence from zero time, this 
latter change takes place from the initial condition 


i +Ky =e, oo wa a 4a) 


t= whent = 0 
to the final condition i =7, whent = f. 
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The solution of equation (3) gives 


é 
° tT “— K, Kg a —_— Ky, Ks; 
Combining (2) and (4) 

2 é 
fi e 7 (Kl Ki)(T/2—-B) e 7 (Kul K3)B +. a BE 7 e 7 (KalKs)B) 

K, 
e a . 

a e 7 MKa/ Ki T]2—B)+ (Kal Ks)B] al X [1 =e (KalKo)B) 


4 


4 


= Vy 


which may be written 


=a, +b where0O<a<l 
where — e 7 (Ke/K1)(7/2 — B) + (K,/Ks)8] . ’ ’ (5) 


”) 


n 


and b sae eae! (6) 


Referring to Appendix 2, this may be formed into a sequence 
giving 

. n-1-: i pe Gece: . ° 

Vy = ara, + es b cf. equation (3), Appendix 2 
the steady-state value, 7,, of 7, is found by making n — oo, thus 


since 0 <a< ] 
b 


i alee 


and therefore, if the time-constant is defined as the time required 


a 


i 
for the current to reach the fraction € nos ‘) of 7,,. we have, 


1 e 
putting 1, = ¢ — =i 
e 


ll De eee os 
(1-2). = a, + aa OD! % .& ¢- Fh) 


Now 7, is the current at the end of the first conducting period 
for which the initial conditions were 2’ = 0. 
It therefore follows from (4) and (6) that 


Cg 


1s = K. [1 — eal Ks By == b 7 " ‘ (8) 
4 
Thus from (7) and (8) 
1 
—=q" and hence 
e 


1 
n loga = log - 
e 
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— 1 
thus CS 
log a 
and ‘a = = — ai 
2 log a 
Thus substituting from (5) 
T /2 


oF es 


(9) 


It only remains to determine the constants K for the particular 
cases with which we are concerned. 
(i) Inductive load 
(a) During relaxation (quiescent period) 
from Figure Dic) 
di 
Ly + Bri, = 0 > 4: % 40) 


(6) During conduction 
from Figure D (b) 


Ly SEA (Ry tr)in ee AD 
comparing (10) and (11) with (1) and (3) gives 
15. Le 
Ko ii; 
hog dy 
K,=kh, +7, 


Substituting these in the general expression for the time- 
constant gives 
Ly Ly 


T=" Np (Chapter 6) 5 +t «@. TGR) 
Urs a 
R,(1 + (26/7) ) 
i 
(ii) Capacitive load 
(a) During relaxation 
Figure D (e) 
de 
C. - +i, =0 
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di, 
thus RO, 7 + i, =0 . ee 


(6) During conduction 
Figure D (d) 


a ae dey 
re t+ Or dt 
6, ~ Ryt, . di, 
= iG = 
Ve TLE dt 
Wp 
thus RC, Ub +a(R, +7,) =e, . . . (14) 
Comparing (13) and (14) with (1) and (38) gives 
K, = KC, 
Kee 
HK == RC y, 
K, a R, + To 


Substituting these values in the general expression for the time- 
constant gives, for a capacitive load, 


a RC, a LC rly _ RC rr, (15) 
7 i. ke EN oR i 
1+ 28/7) 2" (1 + 8/7) **) 


Rar 
Thus, having estimated the time-constant governing changes 
of load current, the overall transfer functions for inductive and 
capacitive loads may be written down : 


Ty; 


(a) Inductive load 


t% — Yat(D) 1 l | 6) 
€ 7 Rar 7 Rat 1 ar (Ly/Rar)D , 


Considering the transductor current 7,, this is always a definite 
fraction of the load current and therefore it has the same response 
characteristics but a different steady-state value, 


i.e. 1 OO a a aie. 
te: aD) 1 — 
ey vie 7 Te ] a (L,/Ryr)D , me 
= i; ( rs) , 5 
— l — | (f 
where L&, 36/7 + (26/T) R, (for inductive load) 
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(b) Capacitive load 


ie. - VoD) 1 1 
eae nea == ee a e ° e 18 
2, ee Pals, eB) ( ) 


al 
In order to determine the transients for the mean transductor 
current 7, we refer to Figure D (d). 
The transductor current only flows during conducting periods 
during which time the transductor output voltage appears and 


we have 


Ca eos Cr, —_— Val x: 


Integrating over the conducting period and multiplying 


2 , 
throughout by 7 gives 


Pr P uy 
2 2 2 
2 
7 | eqlt — | e,dt = — if VP, 
(~*) (5-8) (5-8) 


thus, since the load voltage e, is smooth, e, = €, = 1,R,, and 
since the output voltage and transductor current are confined to 
conducting periods we have 


a ee 
Ca pt, = thy 
i.e. i= cal — (28/7) R, "| 
i é, 
Cy Tse 
therefore = a — (26/7) — 7.,()| 
x al, 


ig PD) 7 / iC RD 86 


eq Re R 1+ — )p 
Rat 
ee R, 
where Ke She SS r( + (28/7). Fs) 
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APPENDIX 10 


Voltage Gain Transfer Function for Transductor with Any Type of Load 
It will be assumed, as previously, that the supply voltage is at 
its optimum value #,,so that any finite mean flux, however small, 
causes saturation and 
$o aa Pe- 


The general ampere-turns relationship (equation 4.12) assuming 
a smooth control current (A = 1) is thus : 


F, + S0, =1,(N, — N,) + 284, a (1) 
When a control voltage #, is applied to a control winding we 
have 
EN, 7 N.” (dd | 
a) es 9 bd 
Ree Sap | dt 
n 2 
where > SR. = 7, (Appendix 8). 
Thus 
LN, d 
c= F, + 287, o ge ks SZ) 


c 


Combining (1) and (2) and multiplying by a 


fe N,—wN q fis 
EL, ae N, 0, a _ Poe a 28 we (1 a T,D) (3) 
Now O,°= ; ne (equation 3.39) 
and = # . Y (D) (by definition Chapter 8). 


Therefore substituting in (3) and considering changes of voltage 
only, so that the constant term disappears, 


ee Gee N,—wN SR, 
oH, = 6€, |=". pepe aera 
c €q Fa Y (D) N, ae 4fN N, N, (1 ai T¢ D)| 


c Ny — N; 
how BR, (A=) =h, 
2 Meg _ 
aT R Jy 
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NN, 
and UY pte 5 
thus 
= l 
JL, aes se.) P(Dyh, ae sana 
Oe Gy Dy. oe 4) 
7 ee epee. 


APPENDIX 11 


General Input/Output Relations for Even-Harmonic Transductors 
Considering the basic circuit of Figure 11.2, at a certain time ¢’ 
it will be assumed that the numerical value of the alternating 
current 7, is equal to 2), thereby giving m.m.f.s in the two cores 
as follows : 
F,=(N,+72N,) » & &. Ch) 
BP, = (tN, —1V,) e fe & BD 
If the two cores are perfectly matched, their m.m.f./flux relation- 
ships will be identical and may be represented by the general 


equation : 
¢ = ¥(f) ne) 


The voltages e, and e, may also be expressed in terms of the 
core fluxes 6, and ¢, thus: 


and cg = N,| 24 — 2 2 te > by 


General expressions for the fluxes 4, and ¢, may be obtained 
from (1), (2) and (3) and hence substituting in (4) and (5) gives the 
instantaneous values of e, and e, at time v’. 


d 
[bin a5 aN.) ate Bie —* Ny) : (6) 


é.\t') = N, di 
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and et’) = Ny [WONe 4M) — WON, —6NM . O 


From symmetry considerations the a.c. coils will appear to 
have the same “‘ impedance ”’ to the generator during positive and 
negative half-cycles of the supply voltage H, sin wt. It follows 
that at exactly one half-period after ¢’ the current 7, will be equal 
to — 2. This gives the following result for the instantaneous 
values of the voltages e, and e, by replacing 2; by — 2, in 
equations (6) and . ). 


e, (t' + 7/2) = Neo 1H oN gape Ugg) eda ge aay a) (8) 
and 
eq (t + 7/2) = Naa ane UN gi tie) = tN ON) (9) 


The magnetization curve for magnetic materials is symmetrical 
and therefore we have 


f(— F) = — (Pf) - +  « (10) 

Considering this fact in conjunction with equations (6), (7), (8) 
and (9) shows that 

e,(’) = — et’ + T/2) » ¢ oe (ED) 

e,(t’) = e,(t’ + 7/2) fon ee SUED) 

Now since the time ¢’ and the current 7; have been chosen 


arbitrarily, any of the above equations apply at all times during 
the cycle. 


(1) Kffect of zero control current 
Putting 2, = 0 in equation (6) shows that 


d 
e, = 2N, 5 WN Gia)] » & 208) 
and from equation (7) 
€, = 0 s o, &: 14) 


2) LHffect of reversing the sign of the control current 


In order to investigate the effect of reversing the sign of the 
signal, the current 7, is replaced by — 1,. If this is done it is seen 
from equation (6) that the sign of the voltage e, at a given instant 
(t’) remains unchanged. From equation (7), however, it also 
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follows that the sign of the voltage e, reverses when the control 
current reverses. 


APPENDIX 12 


Analysis of Even-Harmonic Transductor 


(a) Zero load capacitance 


Referring to Figure E (a), thisrepresents the effective circuit over 
the conducting period from ¢,(A) to ¢,(B) when one coreis saturated. 


ta Na Na Ly, 


ae] 


Lae a SIN nae 


re G oe _ ed 7 
/ a, Y uit, sin wtg GY 
cae Y feb rN “L Sas 


t 
ae ae ; 
eT 
~ ( i 
St oe 
(C) ae 
Figure EH. 


During this time the voltage e, appears across the pick-off 
windings and a current 7, flows where 
7 (fy, a T)Uy, 
Integrating from ¢,(A) to ¢,(B) gives 
tg( B) Eq(B) 
edi = (R, +7,) | 0,at g. 1 oe. 7) 
tq(A) ty(A) 
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Now the integral on the left is the voltage-time area over the 
interval B = (t,(B) — t,(A)) and is therefore proportional to the 
flux difference in cores (A) and (B), Le. : 

t(B) 


2N ,N 2 
edt = N Ad = ee (2) 
tq(A) 
(See section 11.5.) 
Thus from (1) 
2N,N, - io 
IN aN e 5, = (Ry +r) Fis 
1 
putting T “a 
and ae = ae 
; _ 2 owM q@ - 
ives LS ede, % gw a 48 
: 7 (f7, a 12) \ 


(b) Large load capacitance 


The effect of a large load capacitance may be seen by reference 
to Figures E (b) and (c). 

During conducting periods the capacitor is charged up from a 
low impedance source of voltage e,. If the capacitance is suffi- 
ciently large the resulting load current 7, will be substantially 
constant and it will be assumed that these conditions apply. 
Therefore from Figure EH (6) over the interval t,(A) to ¢,(B) 


C4 — 1, hy, = ter, s = & te) 
Integrating over this conducting period gives 
to( B) ta( B) ta( B) 
| e,dt — Rf, } 1 0b = 7, | 1 os me we. EDD 
tq(A) by(A) tq(A) 


Substituting from (2) for the voltage-time integral and integrat- 
ing the currents 2, and 2, gives 


ON N.2, : jae 
c maw Lie: tn + Vey te 


In the steady state the total charge flowing into the capacitor 
in a half-cycle must be equal to that discharged into the load over 
the same period, thus 


Vg = Vy, 
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which gives 
2 wll 4 7 
= a $2 he oe. - IED} 


un roll + B/D) o 


(c) LHvaluation of 28/T in terms of control current 


The above expression for the current amplification involves the 
term 26/7, and since the conducting period is dependent upon 
the control current, this factor introduces a non-linearity in the - 
control characteristic which will now be investigated. 

It will be assumed that the conducting period is of very short 
duration and during this period the load capacitor appears as an 
effective short circuit across the load. Thus the effective resist- 
ance in the pick-off circuit will be +,. 


In these circumstances the total effective impedance in the 
N2 
a.c. circuit will be &, +7, W and the voltage across the a.c. 
windings will be 


N2 
ey N2 
where C= Ne £ % se SCR) 
fy oe UP W 


Provided the conducting period is small, the total voltage-time 
integral over the period f from ¢,(A) tot,(b)ishuH, sin wt, 4, and 
since this is equal to the total flux-change x a.c. turns we have 


p u E, ; 2N 2. 
N, Sit why 4 a S (see p. 318). 
Therefore 
2N Nt 
[ee ena lac SER oe hk we 68) 


S.u.E, sin ot,(A) 
It now remains to evaluate H, sin wt,(A). 


During the period fromt = 0 tot =#,(A) the fluxesin the two cores 

increase from — ®, to + ®, since the cores are driven well into 

saturation and ¢,(A) is hardly affected by the control current, hence 
tg(A) 


—— { Hsin wi dt = 20, 
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Pan4 


oi Kia 
giving 20 = SaN, [1 — cos wt,(A)] 
Bi, 
= SN [1 — cos wt,(A)] 
(since H, = 50) 
but also _ 7 
E Ei 
A ee “N, where E.. is the supply 
voltage factor K. 
Thus 2, = E,(1 — cos at,(A)) 
and putting cos wt,(A) = V1 — sin? wt,(A) 
gives E,— 2H, =, /1 — sin? wt,(A) 


squaring, collecting terms and taking the square root gives : 
" =a - fe 
Hsin wt (A) = Bal ee —] 


or E, sin wt,(A) = rH, AiR 1. 
= 870,fN,VK —1 


now 20, is the maximum possible flux difference and corresponds 
to the control current 7,, at maximum output such that 


ON 5 
20, a 2N bes 
therefore : 
e 8nf N,N,? ——~ | 
Hsin wt,(A) = wf 5 COAT IET. (9) 
Combining (8) and (9) gives : 
4 
eee ern = i , SO 
P Anfut,,WVK —1 wy 
26 1 
Thus ee ie —— 
Gee ont,.uW K — 1 
and substituting this in equation (6) : 
2 M 
= | eal er ‘. (11) 
WT 


sharers ami | 
LO ont, aK — 1\ Fe 
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impedance, 80, 52, 136, 156, 420 
high, 54, 101, 120, 125, 130 
low, 68, 101, 119, 130 


168, 206, 287, 


9) 


and 


Index 


Control current, 21, 24, 99, 112, 147 
smoothed, 105, 111 
flux, 80 (see also Mean flux). 
flux lag, 195 
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Feedback, 180 (see also Negative 

feedback). 
fast response by means of, 257 
gain variation by means of, 132 
Ferrites, 142 
Ferromagnetism, | 
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337 
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mean value, 27 
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time lags, 205 
transformer, 290 
voltage, 64 
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materials, 4 
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21,53 (see also Ampere-turns). 
Magnets for polarizing, 41, 293 
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Nuclear instrumentation, 418 
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Reactance of a.c. windings, 21 
Rectifier, 147 
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efficiency, 148 
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